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PREFACE
Digital transducers based upon the photodielectric effect have been
demonstrated by various techniques in this laboratory for several years (Ref.
21-25, ^ 5). The basic principle of transduction is the conversion of an input
optical signal into a change in resonant frequency of a microwave cavity loaded
with an illuminated semiconductor crystal. During the final months of the
grant, this was the only phase of the research which was supported. The project
reported in this volume represents a detailed examination of material properties.
The photodielectric (PD) effect has matured as a very useful adjunct to
conventional photoelectronic techniques for recombination and trapping analyses.
The PD effect is a change in both the real and imaginary part of the dielectric
constant of a semiconductor when it is illuminated. When non-linear effects
are ignored1, the free carrier contribution to the dielectric constant is of a
sign opposite to the lattice contribution, and it decreases the overall dielec-
tric constant monotonically as an increasing number of photo carriers are gen-.
erated. In the limit, the overall dielectric constant becomes a very high neg-
ative number, in agreement with the metallic model. This description differs
from that of earlier work. The modulation of the permittivity can be several
hundred per cent with practical light intensities. When the energy-dependance
of the transport relaxation time is taken into account, the behavior is modi-
fied and can result in a free carrier contribution of the same sign as the
lattice contribution. Trapped carriers increase the overall permittivity.
High purity epitaxial GaAs, unavailable till recently, has been studied •
by photodielectric as well as photoconductivity, Hall effect, and related
methods. Irradiation by He-Ne laser light at liquid helium temperatures
generates hot electrons in GaAs. The temperature of excited electrons is
iii
determined by an interplay of optical power input, and losses by optical mode
scattering as well as carrier-carrier scattering. Electron temperatures as
high as 35 K can result at a sample temperature of 6 K. The relationship between
induced photoconductivity and light intensity is highly sublinear, exhibiting
a 1/3 power-law dependance. This is explained by a model of quadratic recombi-
nation and diffusion away from the excited surface.
A non-contact PD version of the well known thermally stimulated technique
is introduced, by which shallow donor-traps were located at 0.005 eV below the
conduction band, in agreement with least-squares-fit to Hall effect data.
A combination of the techniques is used to identify two major centers
active at low temperatures: shallow residual donors 0.005 eV from the conduc-
tion band acting as traps and becoming recombination centers on cooling to the
helium range, and deeper residual acceptors approximately 0.03 eV from the
valence band, acting as potent hole traps. The great disparity between PC
lifetime and response time is due to trapping. The PC lifetime decreases more
than 3 orders when GaAs is cooled from liquid nitrogen to liquid helium temp-
eratures; the mechanism is explained by a Shockley Read model involving the
shallow donor. Silicon on Arsenic sites is the probable residual acceptor and
Silicon on Gallium sites the probable donor.
Use of the photodielectric technique gives a great measure of confidence
in the interpretation of data and establishes it as a very sensitive and con-
venient adjunct to normal techniques.
iv
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CHAPTER I
INTRODUCTION
PURPOSE OF PRESENT RESEARCH
In recent years the compound semiconductor Gallium Arsenide
has achieved great technological importance and has been the subject of
i
extensive theoretical and experimental research. These efforts have
been stimulated by the need to exploit some of the unique properties of
Gallium Arsenide. Thus, the direct energy-band structure of GaAs has
been used to fabricate injection lasers and light-emitting diodes. The
high electron mobility in GaAs has been used in microwave field-effect
transistors and tunnel diodes. Gunn-effect diodes and related micro-
wave devices exploit the multi-valley band structure and the resulting
negative differential mobilities possible in GaAs. The high electro-
optic coefficients of this partly-ionic material have found in use in electro-
optic modulators. Very recently, high purity epitaxially grown GaAs
has been used for very sensitive far-infrared detection , at several
hundred micron wavelengths. This latter application is based on excit-
ing extrinsic photoconductivity utilizing the shallow residual donors in the
pure material. The list of technological applications of Gallium
Arsenide is diverse and is rapidly expanding.
The applications of GaAs have steadily expanded as material
of higher purity has become available, and this in turn has stimulated
both materials technology and efforts to understand the fundamental
physics of the material and to characterize its basic properties.
Until late 1968, most of the material available was melt-grown either
by the Horizontal Bridgman Method or by the Czochralski method.
Such material was highly impure, being heavily contaminated and dis-
2-5located. Even so, extensive studies were made on such material.
Those properties of the material which are impurity sensitive, such
as carrier concentration, resistivity, mobility, excess-carrier life-
time, response time as a photoconductor, etc., were strongly indica-
tive of the then state of the art and not very representative of intrinsic
GaAs. Thus many samples studied by Naseldov et. al. had room-
16 -3temperature carrier concentrations of 10 cm or more for "un-
doped" material; such material could not be "frozen-out" i. e., the
carrier concentration did not decrease much on cooling, and became
constant at 20°K or more. Subsequently, this was correctly inter-
preted as the effect of impurity-band conduction: at impurity concentra-
15 -3tions above about 10 cm the impurity-wavefunctions overlap and
form an independent band. The small effective mass of electrons
(0.065 m J in GaAs especially favors this by increasing the size of the
Bohr orbit of the electrons. None of Naseldov's samples exhibited a
monotonic increase in Hall coefficient as they were cooled. In the
same quality of materials numerous photo-electronic investigations were
carried out. Thus, Shirafuji cited the presence of at least six re-
sidual acceptors between 0.33 eV and 0.02 eV from the valence band
in n-GaAs, and attributed these to various structural or chemical
7 8
origins. Bube , Kalashnikov and other found some different accep-
9tor levels. Kolchanova et. al. studied n-type undoped material and
a series of donor-like traps as well as acceptor-like traps. The
donor-like traps, at 0.05, 0.065 and 0.105 eV from the conduction
band were found to be multiply-charged, and hence to control the
minority carrier behavior as a function of temperature that they ob-
served. Additionally, they also found hole traps located near the
valance band. Hilsum and Holeman studied the lifetime of non-
equilibrium carriers and found some four orders of magnitude spread,
depending on the sample. This was indicative of gross differences in
the impurity content of the samples. Several articles and the review
volumes by Willardson and Beer summarize extensive work on the subject.
In order to prepare material of higher resistivity, needed for
Gunn-effect diodes, etc., compensating species were deliberately intro-
13duced commercially. The electrical properties of such material
were very difficult to analyze, as the material rapidly became insulat-
ing when cooled below -30°C in an effort to enhance device performance.
Such attempts at preparing device-quality GaAs were sup-
planted from 1968 by the development of epitaxial GaAs, grown on melt-
14grown GaAs substrates by vapor-phase epitaxy. This technique
yielded material of much lower total impurity content and dislocation
count than previous GaAs, and became the subject of many investiga-
tions.15
The material investigated in this research is high-purity n-
type epitaxial GaAs grown from the vapor-phase at Fairchild Semi-
conductor Research Labs. The electron concentration at 300°K is
1 3 - 3
approximately 6 x 10 cm , and the liquid nitrogen mobility, an
2index of material quality, is in excess of 120,000 cm /volt-second.
This was the purest state-of-the art material available when this in-
vestigation was started. More recently, both vapor-phase and liquid-
phase epitaxial GaAs of about twice mis purity has been prepared.
The motivation for the present research is two-fold. First,
is the need to determine the properties of as nearly pure material as
possible, so as to improve on the data reported in earlier work, cited
above. Secondly, it is known that when GaAs is used in injection
luminescent diodes (LED's) and similar applications, the overall quan-
tum efficiency of the resulting devices is limited by the presence of
shallow states, near the conduction band. Such states constitute
centers via which competing non-radiative transitions take place.
There has been a great deal of work, mostly using low-temperature
15-18photoluminescence to identify these residual shallow, states (and...
other defects, as well) so that the recombination transitions may be
better understood, as well as to reduce the density of such centers if
possible. Additionally, the speed of response of light-emitting diodes
is influenced, even at 300°K by trapping in various states of the material.
The present study of recombination and trapping in GaAs is therefore
motivated by these needs.
Methods of Analyses
A wide variety of techniques exists for studying defect levels
19in semiconductors. Steady-state and transient photoconductivity (PC)
20
measurements are powerful tools. Rose has pointed out that PC is
"an incisive tool for probing a low density of background states even in
the presence of high concentrations of states at a few well-defined levels."
19Thermally stimulated conductivity is another useful tool, especially
suited for the study of deep traps in relatively insulating materials.
It's use on materials with high dark conductivity (such as pure GaAs)
is difficult because the current due to thermally released charge is
swamped by the dark current. Spectral response of PC and PC as a
function of light intensity and temperature are other basic techniques.
All these have been used in this work.
Photodielectric Techniques
The use of all of the above techniques implies that good ohmic
contacts must be made to the sample. This is no minor limitation.
In the first place, ohmic contacts are difficult to make on a large num-
ber of materials, especially compound materials wherein the volatile
component is lost during the heating phase necessary. Even if applied,
such contacts are not linear, especially at low temperatures. Secondly,
the basic idea behind the making of an ohmic contact is to alloy a suit-
able dopant in, to render the local region degenerate. This dopant will
inevitably diffuse away during the heating cycle and necessarily contamin-
ate the pure sample. A non-contact technique is therefore highly
desirable. The application of the photodielectric effect provides such
a method. When a semiconductor is illuminated, the free as well as
trapped carriers change the dielectric constant characteristically, by a
22-25
very significant amount. This effect has been used by Hartwig and
his students in a series of researches to evolve a mature instrumentation
technique that is convenient to use.
There are other important advantages to the use of this non-
contact method. PC methods indicate only the presence of free carriers
directly; electrons or holes excited from one bound level to another do
not influence PC measurements; they do alter the dielectric constant,
however. Furthermore, the assignment of traps can be ambiguous
when only simple PC methods are used--only the energetic difference
between the trap and the nearest band is known, but the identity of the
26band is unknown. With PD data augmenting, this ambiguity is
resolved. Also, when investigating PC growth and decay transients
one major source of concern is "contact effects". Thus, due to sizable
thermoelectric emfs developed at contacts as well as rectification effects
on the illuminated contacts, misleading data is often obtained. Rapid,
two-step transients such as are measured in this work are sometimes
ascribed to contact effects and carrier-sweepout. PD data therefore
also serve to confirm the validity of standard measurements.
The present work, therefore, takes advantage of the merits of
the standard as well as PD techniques to evolve an understanding of re-
combination and trapping. Chapter II discusses photodielectric theory
in detail. The basic properties of GaAs such as its crystal structure,
energy-band structure and defect levels commonly found are well docu-
11 12
mented and the reader is referred to review articles. '
CHAPTER II
THEORY OF THE PHOTODIELECTRIC EFFECT
The photodielectric effect in semiconductors has been the sub-
22ject of extensive study, since 1965. Hartwig, Arndt, and Stone
developed the relations between the excess photo-induced carrier con-
centration in a semiconductor and the resultant change in its dielectric
constant. They showed that the frequency shift of a superconducting
cavity containing the sample, due to the photodielectric effect, consti-
tutes a very sensitive tool for studying some of the properties of the
33
material. Baker calculated the geometric "filling factor" of the
24
cavity containing the samples. 'Albanese provided several interest-
25ing equivalent-circuit viewpoints of the sample-cavity system. Hinds
extended the usefulness of the technique by recognizing that in addition
to free carriers, trapped carriers also perturb the dielectric constant
of the sample, and studied the photo-electronic properties of Cds:Al
and similar materials by the trapped-carrier photodielectric effect.
The theory of me photodielectric effect is based on the clas-
sical free-electron theory of dielectric susceptibility originated by Drude
27
and Lorenz. In its present form, photodielectric theory embodies
the effects of depolarization of free carriers on the dielectric constant
of a material. It is proposed to show that the effects of plasma
8
depolarization are incorrectly included in previous work; the equations
have a very restricted range of validity and predict behavior, under
limiting conditions, that does not occur physically. This will be dis-
cussed more fully in the next section. It is necessary to examine
carefully the classical theory of dielectric susceptibility of solids in
order to develop the equations pertinent to photodielectric applications.
The influence of depolarization effects emerges from mat discussion.
CLASSICAL THEORY OF ELECTRIC SUSCEPTIBILITY
Although the determination of electric susceptibility is a quan-
tum mechanical problem, purely classical approaches have been highly
27
successful in explaining observed phenomena, and such an approach
is outlined here.
An external electric field acting on a solid induces a dipole
moment per unit volume, or polarization P. given by
• 'oxe*eir
where E ^ is the effective macroscopic average internal field, x the
electric susceptibility and « the permittivity of free space.
The relative dielectric constant, « , of a material is given by
. «r = 1 + *e (2.2)
10
The polarization F is
P = Z q. r. (2.3)
Where q. is a charge and r. is its displacement from equilibrium.
The sum is over the total number of dipoles in the unit volume.
To arrive at the displacement r. in case of a free electron
gas, we consider the equation of motion of the electron, executing
harmonic motion under the stimulus of an internal harmonic field
m* d r m* dr _ „ j u t
+
 — W ~ qEloce (2.4)
where m is the effective mass of the electron in the solid, and r its
momentum relaxation time. The second term represents the "fric-
tional" or dissipative force due to collision of electron with the lat-
i
tice, radiation damping and other loss mechanisms. T is a function
of energy in a real solid, and it is an idealization to treat it as a
constant, as has been done above. The energy-dependence of r can
result in greatly modified behavior, as discussed later. E, is the
local effective field acting on the charges.
EFFECTIVE INTERNAL FIELD
Before proceeding with the solution of (2.4) the question of the
effective local internal electric field vis-a-vis -the external driving -field
11
27E must be considered in some detail. This is an issue that
ext
strongly affects the determination of the dielectric properties of the
solid, especially its frequency behavior. The main source of dif-
ficulty is the distinction between the external, or applied, electric
field E , the effective average field E-- in the material, and the
local electric field E, actually polarizing the electrons. The
latter two fields need to be distinguished, in principle because the
local field in the vicinity of an ion core can be considerably higher
than the macroscopic average or "smeared out" electric field E „.
In the definition of susceptibility (2.1) or in Maxwells Equation, E ,,
only matters whereas the agency causing the displacement of charge
is the microscopic, or local field. Lorenz first showed the distinc-
tion and indicated an approach to the determination of the local field.
arc
P
27The Lorenz correction has been shown in standard texts to add a
term « to the average field, i.e.
o
'
 Eeff + 37- <2 '5>
where P is the volume polarization of the material. The question of
the need to include or exclude the local field or Lorenz Correction has
been discussed since the 1920's, both in connection with the optical
properties of metals (i.e. modified Drude theory) and in ionospheric
12
research. Data to support either viewpoint has been available, and
the correction has alternately been included and excluded in the litera-
28 29ture. Ratcliffe and Slater review the theoretical and experimental
implications. In the modern viewpoint the Lorenz correction must not
be included: Slater has shown that inclusion of this factor modifies the
solution of (2.4) by giving rise to a number of discrete resonances,
corresponding to a system of coupled oscillators, rather than a single
resonance of a bound electron-ion system. He emphasizes that the
nature of the result is not altered, only the resonances are shifted and
30
many-valued. Nozieres and Pines, on the other hand, show that on
quantum mechanical grounds, the local field corrections are negligible
for highly polarizable media such as metals or semiconductors.
31Wilson points out that the Lorenz correction is inconsistent with the
single-electron approximation used in deriving the electron theory of
metals. It is therefore justifiable to disregard the distinction between
Eeff and Eloc'
There still remains the more important problem of distinc-
tion between the external field and E ~. Several different viewpoints
can be brought to bear on this issue; they are ultimately equivalent.
The concept of a "dielectric constant" of an insulator is generally intro-
duced in terms of a parallel-plate capacitor model in which the applied
Efield E, in absence of the dielectric, is reduced to — due to the
€
13
counteracting "depolarization field" set up by surface-induced charges
in the dielectric. While this approach is sound, and emphasizes the
connection between the dielectric susceptibility and the depolarization
field, it can complicate matters unnecessarily and, in some cases,
32introduce error. Thus, Dresselhaus et. al. in their work on cyclo-
tron resonance in InSb established the coupling between the applied field
and E .. using the depolarization effect, viz.
Eeff = Eext - LP = E - L
where L is the geometry dependent "depolarization factor" X . the
electric susceptibility in absence of the free carriers, N the density of
\
free electrons. The second term denotes the polarization due to free
charges. This formulation is conceptually incorrect as it attempts to
specify the polarization of a charge in terms of its own coordinates.
For such an approach to be valid, a more involved self -consistent
argument must be applied.
The result of Dresselhaus et. al. 's approach is to modify
(2. 4) to
m
*
 + + L i r
'
e E e ) u t (2
-
7>
where the magnetic field has been set equal to zero for clarity, L. -
14
L/(l+ L) and E. s L Eext
L)
Equation (2.7) so obtained differs from (2.4) in that it in-
2
eludes a harmonic restoring force of force-constant L.Ne . Eq. (2.7)
can be written
/ 2 . 2. i w
 v E. (2.8)
m l
where w is the plasma frequency, i.e.
» = ( ' , ) 1/2
m
(2.9)
The coupling between E and E „ as given in (2.6) has thus apparently
altered the dynamical system by introducing an effective spring-constant
to me system—one that is orientation-dependent. If (2.8) is now
directly solved and used in conjunction with (2.3) to determine the di-
electric constant, the results obtained are incorrect. The error so
introduced will be discussed later.
The emergence of a geometry-dependent force-constant in the
equations of Dresselhaus et. al. is not also appealing. The dielectric
polarization can be determined simply working entirely with an assumed
E
 ff Subsequently, Maxwell's Equations can be used to match the
boundary conditions at the surface of the specimen.
15
The latter approach can be developed simply as follows.
Having identified E, with E „ earlier in the discussion, it is now
necessary to determine what effective electric field is seen by the
free charges. Since the wave functions of the free charges are in
fact smeared out over the entire crystal, it is logical to deduce that
they will also experience the same macroscopic average field E «
seen by the more localized tightly bound electrons.
Equation (2.4) can now be solved, substituting E ,, for E,
on the right hand side. The solution is
(2.10)r o — i w t= — i- E e^* t*ffm ei1
•
-O)
w4
2
•J"
+ («/
—
J
/r
.T)2|
The above result can be combined with (2.1) through (2.3) to
yield the real and imaginary parts of the dielectric susceptibility x' (<•>)
and x" (u) respectively:
m
2 2
W T
(2.11)
2
and
m [ITT?] (2.12)
16
The imaginary part, x , (oj) represents the loss component of the di-
electric constant. The dielectric constant can alternatively be derived
as the imaginary component of the electrical conductivity, starting with
the same equation of motion. In fact, in such derivations, the field
applied to the semiconductor (by ohmic contacts, for instance) is tacitly
taken as the relevant field driving the free electrons, in agreement with
the discussion above.
Thus far, attention has been focussed on the polarization due
to free electrons. Free holes contribute additional terms such as
given by (2.11) and (2.12), with the appropriate effective hole mass used
in these equations. The contribution to electric susceptibility of the
tightly bound "core" electrons can be determined by writing an equa-
27tion of motion similar to (2.4) except that a restoring-force term,
2(j x to the left hand side:
o
.. =eE^e-— (2.13)
d t '
2 2
where w , the force constant, represents the (natural frequency) of
25the system, and is given by
2 2 ( 4 n € o> 2 E3
'
 
 ° (2.14)
m
E, represents the energy binding the electron to the atom. The
17
corresponding expressions for the dielectric constant contribution of
bound electrons can be derived as:
bound
 m e
and
bound
e2
U
uo
- ^
 2
_ w 2
0
[<-„'-. V+^J
Ne
*
m eow
r 2 i
T"
, 2 2.2 , /« .2
/o "w ' ^ r ' .
(2.15)
(2.16)
25Hinds has discussed the behavior of the bound (or trapped) carrier di-
electric constant and shown that loosely bound electrons increase the di-
electric constant, whereas free electrons, in accordance with (2.11)
decrease it.
The overall dielectric susceptibility of a semiconductor con-
taining tightly bound "core" electrons as well as free charges is additive,
so that when w is small compared to frequencies u> that characterize
the bound electrons, the contribution of the latter to the susceptibility
becomes frequency independent. Assuming that ionic resonances do
not occur in the frequency range of interest, the dielectric constant
contribution of core electrons from far infrared (overlooking possible
ionic resonances) frequencies down to dc can be represented by ;«„,
33the high-frequency "lattice" dielectric constant. From (2.15) «„ is
given by
18
N 6 *
~~* 2m e w
o o
(2.18)
where N is the density of atoms in the crystal, and w is in the
infrared.
€ r ( w ) total = 1+ *free + * bound (2.19)
The subscript r denotes relative dielectric constant.
Combining (2.18) with @. 12) and (2.13) the overall dielectric constant
for the general case can be written as succintly as
or,
€
r ( w ) - '»- V ~ l < *
=0 1-
r 2 2 1li) T
* J5^7 5j (w TZ+ 1)
.
+
 u
r 2 1(** . T
1 ( 1 + W T )
(2.20)
The summations in the above equation are over the various groups of
free carriers, and u> ., given by
r j
PJ
1/2
m
(2.21)
j o
.19
t*K
is a "modified plasma frequency" of the j group of free carriers; the
lattice dielectric constant *m is absorbed in the expression. The plasma
frequency is defined in this context as the frequency for which the real
part of the overall dielectric constant vanishes in a loss-free system.
Both minority and majority carriers must clearly be considered in
determination of the plasma frequency of the system, viz
"
2
 = -
2
' <2-21)
for a low-loss system.
Equation (2.19) does not include any contributions due to inter-
band or ,intra-band transitions or due to "restrahlen" (ionic-resonance)
effects. The latter are important in ionic semiconductors such as
GaAs and must be considered at infrared frequencies. This effect can
be neglected at microwave frequencies.
The physical implications of (2.19) can now be discussed, and
compared with the implications of using Dresselhaus et. al's equations
directly. Starting with a nearly insulating semiconductor, as the free
carrier concentration is increased, e.g., optically, keeping the test
frequency w fixed, the free carrier dielectric constant, denoted ^ ,
increases monotonically. This results in a monotonic decrease of the
overall dielectric constant, until it is rendered zero--at the plasma
frequency--and becomes increasingly negative. This is as expected:
20
the model is based on the Drude-Lorenz theory for metals, and the semi-
conductor behavior should smoothly give way to metallic behavior as the
free carrier density is increased. In the metallic limit, the overall
dielectric constant becomes minus infinity, as for a perfect conductor.i
For a low-loss semiconductor, when w>w , the dielectric constant is
positive, and an electromagnetic wave can propagate through the material.
For w< u» , the refractive index and propagation constant are both im-
aginary and the wave is attenuated. These are well established experi-
mental observations, for instance, in the optical properties of metals or
in wave propagation through plasma.
1 M
The derivations of « (w) and < ( < « > ) based on the direct use
23
of Dresselhaus et. al's equations yield the following expression :
2
n w
I
• («) =r 1 -
O)
T
2 2) T
(2-22)
*-—oo or w — 0 this expression predicts a dielectric constant equal to
twice «
 T , where < T is the lattice dielectric constant. This is clearlyLJ LJ
invalid, physically.
In the remainder of mis work, (2.19) will be used. For the
greater part, since cavity-frequency changes induced are experimentally
t
more easily observed, the rear part of the dielectric constant, «r (w)
21
will be of interest. The behavior is shown graphically in Fig. II-1.
Damping affects the turn-over point but not the general nature of the
photodielectric characteristic.
CAVITY PERTURBATION MEASUREMENTS
i
The change in « (w) induced optically or thermally, can be
measured by placing the sample in the maximum-electric-field posi-
tion of a microwave resonant cavity and observing the corresponding
frequency shift induced on irradiation by light. Slater's Perturbation
34theory can be used to relate the frequency shift Af obtained on in-
sertion of a sample of volume V into a cavity of initial frequency f,:s i
, BE dV+OVo)./ H0H )dV
S • S
~^~
 r
 (« E 2 + M H 2) dV
o o o o
where Vc is the cavity volume, E and H the electric and magnetic fields
respectively. The initial values are denoted by suffix o and perturbed
values by 1. The range of validity of the above equations has been
35discussed by Slagsvold et. al. For the experimental conditions en-
-4
countered Af/f , is less than 10 and (2.23) is valid. The right hand
side of (2.2) denotes the fraction of the total electromagnetic energy in
the cavity stored in the sample; it is denoted by G, the "filling factor"
of the cavity and is readily determined experimentally, using the relation
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FIG. II-l Free Carrier Contribution to Dielectric Constant
and Resulting Change in Cavity Frequency as a Function of [a <j J.
a is Defined Above and <v is the Plasma Frequency. The Dis-
continuities at aw = 1 will be Rounded Off in Practice Due to
P
Losses and Non-linearities.
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f
 = °t
 1
 G (2.24)
1 1
Using (2.23) and (2.24) it is a straightforward procedure to show that
when « ' (w) is changed from < '(<•>) to «0 '(<•>) by illumination, for in-i 1 ^
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stancei the cavity frequency f, shifts to f2, given by
f2- fi n n
-^
 =
 'OG rr*- - -rH <2-25>2 L 2 i J
The above expression is strictly valid when e' > «", but it is
accurate enough for the situations encountered experimentally.
Fig. II-l shows the theoretical frequency changes expected
when the electron density is increased in a simple system described
2by (2.19). The sharp transition at a.u = 1 will in .actual prac-
tice be broadened out due to inevitable dissipative mechanisms.
HOT-CARRIER PHOTODIELECTRIC EFFECT
In many practical situations, it is not valid to suppose that
r is energy-independent. Thus, in a cavity with high electric field
or in a photodiode, where the depletion region fields are normally
several Kilovolts/cm, this approximation is quite invalid. Under
these conditions, the susceptibility contribution by free carriers is
modified and may be considerably different than that predicted by (2.11).
24
I'he free carrier, can in fact then contribute a susceptibility of the
same sign as the lattice, as has been observed by Gibson et. al. in
Germanium at 77 iC. The theory of this effect is outlined in
Appendix II.
CHAPTER III
PHOTOEXCITATION AND RECOMBINATION KINETICS
INTRODUCTION
Changes in the dielectric constant and conductivity produced
by incident photon flux are ultimately caused by a redistribution of
electrons and holes among the available states in the energy band
structure of the semiconductor. Recombination of photoexcited car-
riers, including trapping, is the process by which the equilibrium is
restored when a semiconductor sample is illuminated. The kinetics
of excitation and restoration are, in general, very complex because of
the simultaneous interaction of several active centers in the solid. In
addition, the excited carriers often acquire energies far above kT,
• ' • '
where T is the temperature of the material. Under these circumstances,
general analyses are impossible or unwieldy. It is usual to assume
highly simplified energy level schemes and kinetic models. Such
theories of recombination and trapping are readily accessible in the
19literature. In this chapter, some simple models, germane to this
research, are summarized. The theory of hot photoexcited electrons
will, however, be presented in detail.
MECHANISM OF PHOTO-EXCITATION
In most of the experiments performed in this work, He-Ne
laser light was used to excite the semiconductor. It is important for
25
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FIG. III-l Illustrating the Transitions Involved
in Intrinsic (I) and Extrinsic (II) Photoconductivity.
27
the analyses to follow to determine the type of photo-conductivity it
gives rise to, viz., fundamental band-to-band, or impurity ionization.
These two transitions are labeled I and II respectively in Fig. III-l.
Consider transition II as a possibility. The theory of photoelectric
37
absorption of x-rays developed by Hall , using a quantum-mechanical
38treatment, has been applied by Fan to study infrared absorption in
semiconductors. Fan has derived the following expression for the
cross-section of photon absorption by localized states:
2
 t, 2 A " - » •
'"
K 4
 " M (3.1)
where a is the absorption coefficient, N is the concentration of im-
purity atoms, n the refractive index of the crystal, E. the ionization
energy of the impurity state and " . the corresponding frequency.
" corresponds to the photon frequency. f is a function defined by
f(x) = exp (-4x tan^x) / [l-exp(-2 irx)] (3.2)
Eq. (3.1) is based on the fact that the matrix element connecting the
initial (bound) state to the continuum also decreases very rapidly with
photon energy in excess of the minimum ionization energy.
For photon energies much greater than impurity ionization
energies, as is the case for GaAs excited by He-Ne light, (3.1) re-
28
duces to ,
c OA v in~l ' ^LJ w i 3.5 (3.3)a o. ^o x iu m / H \i - i\
N n * ^E. ^ u '
111 1
Substitution of the appropriate values reveals that for impurity ioniza-
tion energies 0.25 eV the absorption cross-section per atom is
-19 21.5 x 10 crn . The intrinsic absorption coefficient for He-Ne light
at liquid He temperatures is 3.8 x 10 cm , or approximately
-22 -14 x 10 cm per lattice atom. Thus, impurity photoconductivity is
small compared to the intrinsic (band-to-band) process. For the
shallow donor energies of a few meV impurity ionization is completely
negligible. Hence, we may treat the excitations produced by 6328A
light as being band-to-band, resulting in formation of an electron-hole
i
pair for each absorbed photon.
In n-type GaAs, free hole lifetime is several orders smaller
than electron lifetime at room temperature, due to rapid capture of
holes by electron-occupied traps. As shown by Nasledov et. al., the
hole lifetime for the drops vary rapidly as temperature is lowered.
This results in strongly asymetric electric conduction by the two
charge carriers, and the contribution of holes may be neglected at low
temperatures. In the analyses to follow, excitation by He-Ne light
will, therefore, be taken as causing unipolar (electron) carrier genera-
tion by process I in Fig. III-l.
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HOT-ELECTRON TEMPERATURE
In most analyses of photoconductivity the tacit assumption is
generally made that the photo-excited free carriers are in equilibrium
with the lattice and have the same temperature as the lattice. While
this is incorrect, the errors introduced at room temperature are small.
It is not at all obvious that this will be the case at low temperatures.
The following analysis discusses the temperature of photo-excited
electrons at low sample temperatures.
Helium neon light generates photocarriers with instantaneous
energies given by
'> Einst = » , -E g (3.4)
where h" is the photon energy (1.96 eV) and E the band-gap (1.52 eV).
&
Fig. III-2 indicates that the carriers are monoenergetic, due to the
i
momentum-conservation constraint. The 0.34 eV energy corresponds
to carrier temperature of 3940°K. These (hot) electrons and holes
rapidly dissipate their excess energy and equilibrate with thermal elec-
trons, to establish their equilibrium effective temperature under steady
photoexcitation. The electron mobility and momentum relaxation time
* entering in photodielectric equations are both dependent on the
carrier effective-temperature. To arrive at the steady-state carrier
temperatures it is necessary to examine in some detail the rate
30
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FIG. III-2 Energy Band Scheme of GaAs,
Showing Relations Involved in Photo-excited
Pair Production.
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processes involved. The mechanisms of power transfer and scattering
40in polar crystals have been discussed in an early work by Stratton ,
and the present analysis is based on it. Fig. III-3 illustrates the
processes schematically.
Power from the laser results in an ensemble of excited elec-
trons. These energetic electrons dissipate their energy by two
principal modes: energy loss to the lattice by lattice-scatter ing and
energy loss to other electrons by carrier-carrier scattering process.
The latter mechanism results in thermalization of the electrons amongst
themselves, with a "characteristic electron temperature." An exactly
similar process applies for hot holes. The effective carrier tempera-
tures depend on the balance between optical power input and rate of
energy loss to the lattice.
•
The dominant lattice scattering mode involved is optical-mode
41scattering in case of GaAs. This process is negligible at low temper-
atures for ordinary thermal electrons since it requires electron ener-
gies in excess of the optical-mode phonons (e.g. 36 meV for longi-
tudinal-optical phonon in GaAs) to excite such modes. Thermal
electrons, having energies of the order of kT cannot excite optical
vibrations. Hot electrons, having initial energies of several tenths of
an electron volt preferentially excite these higher-energy modes.
32
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FIG. III-3 Rate Processes Involved In
Determination of Temperature of Hot
Photo-Excited Electrons.
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In equilibrium, under optical excitation, P(T ) the power per
.
s
 . ^ •
electron rejected to the lattice must equal P , the average optical
power received by each electron. T denotes the effective tempera-
C
ture of the electron:
P, (hu -E ) fP = L « (3.5)
opt Vh u n
where P. is the laser power, absorbed by the active volume V of the
semiconductor, n is the electron concentration, hi- is the photon energy,
and E the energy gap. The factor f is the fraction of P, that is
absorbed by the electron system, viz.:
* n
n +nc* (3.6)
nc* is the density of electrons at which photo-excited high energy elec-
trons lose equal amounts of power to the lattice by optical-phonon emis-
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sion and to the other carriers by scattering. Frohlich and Paranjape
estimated the rate of loss of power to other electrons by considering
the stopping power of a metal for fast electrons. Their analysis
yields the approximate relation
7)
elec-elec '7)
' : ' . '.' " ' ' . 34
where e* is an effective electronic charge that takes into account the
dielectric polarization of the medium. e* has been approximated by
0 ' 1 •(e*/q) = (€iattjce)~ • Stratum has extended the analysis further and
shown that when optical polar-mode scattering is dominant, for mono-
energetic electrons of energy E»k9 where 0 is the Debye temperature,
n is given by
C
v = Ekein 2 < - - > <3-8>
E is an effective electric field given by
EO
00(± - *]'
« and « being the high frequency and static dielectric constants, re-
00
spectively. In the case of GaAs, 8 = 400, « = 10.62, « = 12.6,
• «. °°
and E is 0.34 eV when He-Ne light is used. Substituting these values
* 17 -3in the above equations, yields the result n - 5 x 10 cm . The
C
density of electrons in these experiments is at least two orders of mag-
nitude lower than n * and Eq. (3.5) can be reduced to
w
P x 0.34
Vxl .96xn c * (3.9)
The active volume of the material is difficult to judge pre-
cisely; the depth can be taken as the Debye length; the laser spot on
the""sample*is approximately 0715~cm.— It is apparent that as- me
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sample temperature is raised, the background thermal electron concen
tration rises, the Debye length decreases, and the active volume
shrinks. The increased electron temperatures that this would entail
are, however, partially offset by the larger number of electrons shar-
ing the laser power.
The power rejected by each electron by polar optical-mode
43scattering has been shown by Conwell to be given by
D / _ x , v 1 / 2 , , „ ,-e. r , e vi/2e
where K is the modified Bessel function of order zero. This rela-
tion expresses the expected fact that optical-mode scattering depends
strongly on electron temperature. Eq. (3.10) can be simplified to
P(T ) * 8.7 x 10"8 exp-(~) (3.11)
e
Equating P in Eq. (3.9) and P(T ) from Eq. (3.11) yields
opt e
the equilibrium electron temperature. Fig. III-4 shows the calculated
values of electron temperature as a function of incident light power for
various sample temperatures. The latter affects the Debye length, and
hence the volume V.
It is apparent from Fig. III-4 that under actual experimental
conditions the electron temperature is considerably higher than the lat-
tice temperature at very low temperatures. Ultimately at higher
40°K
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FIG. III-4 Theoretical Electron Temperatures
As a Function of Incident Optical Power, for
Various Lattice (sample) Temperatures
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temperatures the electron temperature equals the lattice temperature.
Because of the logarithmic dependence of P(T ) on T the above curvee e
is not affected much by parameters such as active volume, etc.
Before utilizing the values of T derived above to determine
C
the appropriate momentum relaxation times, it must be verified if the
concept of electron temperature, as used above, is valid. The con-
cept of effective electron temperature is valid only if the energy dis-
43tribution is Maxwellian. Conwell has shown that when the princi-i
:
pal energy-loss mechanism is polar optical-mode scattering, a Max-
wellian distribution exists if the carrier density exceeds a critical
value nmin given by
Eok0 (5) 1/2 (2re*) -1 e x p( - ) (3.12)n .mm
where (e /q) = l/« , « being the mean dielectric constant. Other
parameters have already been defined. Taking T to be the maximum
! 1 3 - 3
electron temperature of interest, n . is 10 cm . This density isi r mm J
exceed by photoelectrons at 100*» W level at 4.2°K and at lower power
levels as temperature is raised and electron lifetime increases. Hence
i
the calculations of electron temperature are valid.
Although hot holes are generated by light, their lifetime is
much shorter than that of the majority carriers; therefore, the hot-hole
i
population can be neglected. The equations presented in the foregoing
38
can be used to compute hole temperature if the appropriate effective
j(e . #
mass of holes, ITU, is substituted for m .
The momentum relaxation time, r corresponding to Tmom r ° e
can be derived theoretically; it is, however, physically correct to
obtain r for a given electron temperature simply by referring to
the curve for mobility-vs-temperature (Fig. V-l) the same sample
(i.e. lattice) temperature. In this case the roles of lattice tempera-
ture and carrier temperature are interchanged, but the same scattering
mechanism holds. Hence for photoconductivity calculations the values
of electron mobility so derived are used; for photo-dielectric computa-
tions the corresponding are given by. r = q^/m*.
RECOMBINATION AND TRAPPING
A simple model of recombination and trapping, germane to
19the discussion in Chapter V, is singled out for analysis here. Bube ,
20 44Ryvkin and Rose have discussed the general photoelectronic theory
on which these models are based. Fig. III-5 shows the energy band
diagram of a semiconductor with two dominant levels, viz. a shallow
donor-like trap located at an energy E ., below the conduction band
and a deeper, acceptor-like trap at energy E - above the valence band.
The word "trap" is used in its most general sense; the same level can
also act as a recombination center, depending on the position of the
Conduction Band (N , n, v )
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FIG. III-5 Shown is the Energy Level Model for Use
When Both Hole and Electron Traps Exist. Direct Band-
to-Band Recombination, Thermal Emission from the Hole
Trap, and Sub-bandgap Optical Excitation are Neglected.
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Fermi level and excitation intensity. In Fig. III-5 it is assumed that
the Fermi level lies below the level E ,. In this case it is assumed
that the probability of re-emission of an electron captured by this level
to the conduction band is much higher than that of capture of a hole at
that center i.e., the center is not assuming the role of a recombination
center.
Upon irradiation with light, carrier-pairs are generated at the
rate G. Assume that the capture cross-section for holes by centers
at E^, is very high so that there is virtually instantaneous trapping of
these minority carriers, with negligible recombination at electron traps.
This situation is very similar to that which obtains in good luminescent
phosphors such as CdS. Electrons proceed to both the conduction band
and also to shallow electron traps, E ,. When the Fermi level is below
u
E., there is good "thermal contact" between centers E.. and the conduc-
tion band, and electrons circulate back and forth. The rate equations
for the system in the steady-state can be written down as follows:
dn "Etl/kT
= 0 = G+Vn e -n(Nt-nt) vn Snt -npt v^ (3.13)
dn -E
vn Snt - "t *ne ~^ vp Rpt
41
<nt <3" 16>
where the terminology is as follows:
G: optical generation rate of carrier pairs
n,p: densities of free electrons and holes respectively
N , P : density of electron and hole traps, respectively
n ,p : density of electron-occupied and hole-occupied traps,
respectively
v : thermal (Fermi) velocity of electrons
S : capture cross-sect!on of shallow trap for electrons
R : recombination cross-section of above center for holes
P when it is electron-occupied
f : attempt-to-escape frequency for electrons
In equations (3.15) and (3.16) it is assumed that the hole trap is deep
enough so that thermal re-emission is not a probable process at the
temperatures of interest. If this assumption is removed, additional
terms similar to the second term of (3.13) appear in both the above
equations.
20Rose has shown, using a detailed-balance argument that the
attempt-to-escape frequency »_ is given by
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where N , the effective density of states in the conduction band, is
"c '^
and
9VT 1/9
— f _____ \ -"Y^ (3
Y= m*
In Fig. III-5 the transition from the conduction band to the hole trap,
at the rate n _, v R _. represents me radiative recombination processpt n nt;
lA T7
observed in pure GaAs at very low temperatures by several workers. '
It is interesting to note that the competing non-radiative recombination
process is the transition from the electron trap to the valence band,
whose rate is PntvDRDt' ^^s process works essentially by depleting
the hole supply. The ratio of the radiative to non-radiative processes,
27
or the "efficiency of luminescence" is thus *
e.20)
vpSpt
which simplifies to
n = (3.21,
nt pt p
The above equation is important when the material is used in applica-
tions such as lasers or in photoluminescence studies.
Returning to the rate equations, a few observations can be
The deep hole traps fill-at a linear rate (after a -rapid initial
43
transient) and until saturation of those traps is achieved, no direct
electron-hole recombination is possible.
The transient response of the photoconductivity can be easily
determined by noting that
_ („
 + nt) = G . _
n
(3.22)
where r_t the electron lifetime in the absence of minority carrier trap
ping, is given by
VnSnt
,
 n NeNoting mat — = -TT— e
nt t
fied by
 :
(3.23)
, the solution of (3.22) can be simpli-
n = r (1 -e" t /rr)
where the response time r is
T = T
r n
1 +
Nce
or, approximately (.r ) - Nc v S t e" ~ ^
(3.24)
(3.25)
(3.26)
and it can exceed r by many orders. This is an important manifesta-
tion of minority-carrier trapping. The same f also governs the decay
44
rate. The decay curve is in general non-exponential because of the non-
linear nature of the recombination. However, when n « N the de-
cay is quite close to being exponential.
A simple extention of the above analyses can be made to
\
yield the steady state photoconductivity in the presence of trapping.
When there is a great disparity between electron and; hole lifetimes, thei
desired result can be approximated by using the response time instead
of "true" lifetime ^ in the equation for conductivity, viz.
A<r =G Tr :Q" (3.27)
where the hole contribution is neglected. At higher temperatures when
the dark Fermi level drops much below E , the above analyses get com-
plicated by the fact that E , centers change their role. The analysis
of that case is best handled by Shockley-Read statistics and will be dis-
cussed in Chapter V.
CHAPTER IV •
EXPERIMENTAL TECHNIQUES
The sensitivity of photodielectric measurements is limited
primarily by the ability to determine small changes in the frequency
and absorbed power of the microwave cavity containing the sample.
Since the cavity "Q" determines the frequency resolution of the reson-
22-25 45
ator, there has been considerable effort by Hartwig and coworkers '
to exploit the high Q's possible with superconducting cavities, and Q's
well above 10 have been used by them in sensitive cavity measure-
ments. In addition to high Q, another requirement of a practical
photodielectric test system is the ability to track frequency changes
automatically, especially for transient measurements. These two con-
siderations, among others, dictate the use of a cavity-controlled stable
oscillator. The principal features of the oscillator system are pre-
sented in this chapter. In addition, the practical considerations in-
volved in photoconductive and noise measurements are outlined.
X-BAND PHOTODIELECTRIC SYSTEM
The X-Band Cavity-controlled Oscillator is the heart of the in-
strumentation scheme. Fig. IV-1 shows in schematic form the setup
used. The microwave cavity is the main sensing element, and its
design features are outlined below.
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A. Microwave Cavity
The resonator is a right circular cylinder (Fig. 1V-2)
machined from solid electrical-grade copper stock. The cavity is
designed to operate in the TM,^ mode. In this mode, the electric
field is normal to the cavity floor and its maximum coincides with the
axis. This allows for a convenient positioning of the sample (cen-
trally on the bottom) for optimum sensitivity. Light is shone on the
sample through a 3/16" diameter aperture in the top cover plate.
Since substantial currents flow through the contact between the top
plate and cavity lip, the design emphasizes good pressure contact
between the two by a tapered lip and use of a threaded lock ring.
All internal surfaces are machined as smooth and true as possible
and brought to a high degree of polish, in order to maximize the
cavity Q. Two magnetic coupling loops, mounted on retractable dumb-
bell-shaped teflon forms are used to couple power in and out of the
cavity. The loops pass through small apertures in the top plate at
points where the magnetic field is about 0.7 times the maximum
value. The travel of the probes allows for a coupling factor varia-
tion from 0.01 to greater than critical coupling. Tight coupling is
necessary to support oscillation in presence of the lossy samples.
Additional variation in coupling is possible by orienting the loops with
respect to the magnetic field. The bottom of the cavity is threaded
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so as to screw into a shroud or vacuum chamber; thermal contact with
the latter is improved by use of high-conductivity grease at the inter-
face.
The nominal resonant frequency of the empty cavity at 300°K
is 9.02 GHz for light coupling. The loaded cavity at 4.2°K resonates
at a somewhat lower frequency. Typically, a 1/8" diameter 0.02"
-3thick GaAs sample exhibits a G(filling) factor of 1.5 x 10 . With
light coupling the principal TM020 mode dominates and it is separated
by more than 100 MHz from adjacent interfering modes. However, at
low temperature the loaded cavity requires the coupling loops to be in-
serted in deep enough to cause spurious (unidentified) modes to propa-
gate. Extreme caution is required to ensure that me oscillator has
not "latched-on" to a near-by spurious mode. The only manifestation
of this effect is no photodielectric frequency shift on illumination; the
electric field of the spurious mode is oriented differently but the fre-
quency is close to the correct mode frequency.
The Q of the cavity is limited mainly by the sample losses and
radiation through the central aperture. Although the top plate is made
1/4" thick to reduce aperture losses, they are still approximately equal
to sample losses. The empty cavity, lightly loaded has a Q of 9000
at 300°K; without the aperture it is close to the theoretical value of
18000. The loaded resonator at 4.2°K has a Q of 3000 to 5000
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FIG. IV-2 Cryogenic Microwave Cavity
Changer and Coupling System
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depending on coupling. The high stability of the oscillator, result-
ing partly from tight coupling compensates for the low Q of the oscil-
lator, since the "effective Q" of the system is f/af. Typically, the
"effective Q" of the overall feed-back system is 9 x 10 . Further-
more, the low Q of the cavity permits a response time or time con-
stant (T= Q/7rf ) of approximately 0.2 microsecond. This low re-
sponse time permits study of rapidly decaying phenomena in the semi-
conductor being studied. Since the cavity Q is already strongly limited
by sample and aperture losses, and operation is desired at cavity
temperatures up to 20°K or higher, no advantage exists in the use of
a superconducting cavity.
In order to preclude non-linear effects due to carrier heating
by the electric field, cavity input power was maintained less than ImW.
The maximum electric field EQ in the cavity was computed from the
relation
Pin ' l
1
where a is the cavity radius, >?. is the intrinsic impedance of vacuum,
h the cavity height, R the surface resistivity of copper, and J, the
S 1
Bessel function of the zeroth order and first kind, and (K a) is 5.5 for
O
the TM mode.
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Eq. (4.1) can be simplified to
EQ = 4.3 x 10~5 >/QP in volts/cm (4.2)
The maximum field was maintained well below 0.01 volt/cm.
I
The cavity is fed by thin-walled stainless steel waveguides
which minimize heat conduction and keep liquid Helium evaporation low.
Teflon carriages, carrying the magnetic coupling probes slide in these
guides; their position is controlled by rotating a central tube, which
serves also as a light pipe. The assembly is placed in a vacuum
chamber which is immersed in the Helium bath. Mylar-sealed micro-
wave flanges make the assembly vacuum tight. The assembly is con-
tained in a 6" I. D. stainless steel Helium dewar. A heater on the
i
cavity is used to alter the cavity temperature. Cavity temperature is
monitored by a calibrated carbon resistor and a Au-Go : Cu thermo-
couple. Fig. IV-2 shows the details of the cryogenic cavity assembly.
B. Microwave Oscillator
The variation of cavity susceptance with frequency forms the
basis of the discriminator. The system, shown in Fig. IV-1, is es-
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sentially similar to that of Pound. A good analysis of the system is
04done by Albanese. A Varian X-13 klystron drives the cavity via an
adjustable attenuator. This attenuator is needed to prevent "pulling"
of klystron frequency by the cavity. The discriminator generates a
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signal proportional to the instantaneous frequency error between the
t-
source and the resonator. This signal is amplified approximately
o
10 times by two low-noise hybrid operational amplifiers and the re-
sultant signal modulates the repeller potential of the klystron, via an
optically coupled isolator, to correct the frequency error. The band-
width of the dc amplifiers limits the transient response to approxi -
mately 8 milliseconds. The amplified output of the discriminator is
directly proportional to the desired frequency shift. Pound has shown
that the discriminator output voltage V is given by
V
 =
 PoD ^2 2 (4'3)v / 1 . \£* . &(1 +«) +a
where « is the coupling coefficient, P is the power available from the
matched generator connected to the discriminator, a is 2AfQ ,, and
D is the rectification efficiency of the detector crystals. The linear
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range of me system depends on a; it can be shown that optimum
system stability occurs at a near unity. When fast transients have to
be studied, the output of the discriminator is viewed directly on an
oscilloscope.
Several factors affect the attainable stability of the oscillator.
The most important one is slow "flicker" (1/f) noise in the detector
diodes. Use of Schottky -barrier (D588CB) diodes reduces this contribu-
tion by about 6dB . ------- Other factor s 'are: operating power^level, ~ amplifier"
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1/f noise, mechanical vibration of the components especially the dewar
and cavity, and temperature variations of the cavity. Under good
operating conditions a Af of 1KC is achievable readily at 9GHz. This
resolution is adequate for many experiments.
A PIN diode switch enables microwave power to be rapidly
interrupted, for cavity Q measurements. He-Ne laser light, from a
Spectra Physics 125 Laser is direct by a system of mirrors down
through the cavity aperture on the sample. The intensity is varied
by a variable analyser-polarizer assembly; approximately four orders
of variation are obtainable in conjunction with added filters. A Spectra
Physics light meter is used to calibrate optical power levels. For
transient measurements, light can be interrupted by two means: a
camera shutter for study of slow transients and an electro-optic shut-
ter for rapid transients. The latter is biased to 10KV via limiting
resistors; a mercury relay shorts-out the bias, when necessary, to
generate a sharp light pulse edge with rise time of less than 10" sees.
HALL MEASUREMENTS
Carrier concentration and mobility as a function of tempera-
ture were determined by Hall measurements on clover-leaf shaped
samples using the Van der Pauw technique. Ohmic contacts were
applied to the sample by alloying-in high purity tin spheres in an at-
mosphere of Hydrogen. This essentially renders the underlying
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region N by incorporating Sn on Ga sites. Fine wires were soldered;
onto the spheres. The electric field across the sample was main-
I
tained lower than 1 V/cm to prevent the impact ionization of impurities
occuring at 3 to 5 V/cm at helium temperatures. The contacts were
approximately linear at 4.2TC. A constant current source of 1/*A
facilitated measurements.
PHOTOCONDUCTIVITY MEASUREMENTS
PC and spectral response measurements were performed on
the samples as prepared above. Care was excercized to minimize
surface recombination by etching the surface lightly in a H
etch for 15 sees prior to use. For low temperature measurements,
I
the sample was mounted (on a copper heat sink) inside a brass "thimble"
located at the end of a thin-walled stainless steel tube. A fiber-optic
ii '
light pipe illuminated the sample. A 1/8 watt carbon resistor was
used as a thermometer. The arrangement is shown in Fig. IV-3.
The assembly was inserted directly in the liquid He dewar and tempera-
ture adjusted by retracting the tube into the He vapor by suitable
amounts. Sample heating by light was less than 0. 25°K for light
power up to 3mW. A low field was maintained across the sample
49both to preclude impact ionization as well as to prevent minority
carrier sweepout effects. The use of a very low noise, high gain
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PAR 113 preamplifier made low-level dc measurements possible. The
optical system used was the same as for PD experiments; for spectral
i ' . :
measurements a Jarrel-Ash grating monochromator was used. For
light "bias" experiments, a smaller 0.8 mW Metrologic pulse-modulated
laser was used as source, and the larger laser for setting the bias.
Both light sources were directed onto the light pipe by a simple opticali • .
arrangement. For noise measurements, the scheme used was basically
the same as for PC except for the use of a HP312A wave analyser, and
a 4-sec time constant filter coupling its output to a wideband milivolt-
meter .
PROPERTIES OF GaAs SAMPLES
Table IV-1 lists for reference the principal properties of the
high purity GaAs under study. Room temperature properties were
i *
determined by Hall as well as differential-capacitance measurements.
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TABLE IV-1
CHARACTERISTICS OF SAMPLES USED
SUBSTRATE: Cr-doped Semi-Insulating GaAs
Resistivity 300°K> 108 n-cm
EPITAXIAL LAYER: 57-60 m thick, undoped; grown by vapor -
phase from AsH^-GaCU-H^ reaction open-
tube process
CARRIER CONCENTRATION: (C-V METHOD): N^SOO^ 6 x 1013
Hall Measurement: 300°k: : 6 x 1013
MOBILITY: M300°K : 7800 cm2/V-S
"77°^ : 100,000 to 1.30,000 cm2/volt-sec.
SAMPLE SIZE: 1/8" diameter x 0.015" (typical)
CONTACTS: on clover-leaf geometry samples:
SURFACE TREATMENT: High polished as-grown, etched in 1:1
H0SO,:H0O0 15 sec.2 4 2 2
CHAPTER V
EXPERIMENTAL RESULTS AND ANALYSES
INTRODUCTION
Experimental data on the two types of n-type GaAs samples,
whose properties are listed in Table IV-1, are presented in this chapter.
Hall effect data are discussed first, in order to lay the groundwork for
interpretation of photo-conductive and photo-dielectric data to follow.
HALL EFFECT MEASUREMENTS
Hall effect measurements performed on the clover -leaf van der
Pauw samples in the range of 4.2°K to 77°K are shown in Fig. V-l.
i
The carrier concentration was derived from the Hall constant by using
52Blakemore's expression for the case of a single donor species of
density ND, and partly compensated by acceptors of density N^:
n ( N + n ) N -E
(5.1)
where n is the carrier concentration, E~ the donor ionization energy,
g the degeneracy of the donor level, taken to be 2.0 and N the effectivec
i '
density of states at the temperature T. The solid curve is obtained
53by fitting the experimental data to Eq. (5. 1) as discussed by Putley.
The material is seen to be quite closely compensated; the density of
58
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14 -3
residual donors in the epitaxial layer is ISL. = 2 x 10 cm and that
1 4 - 3
of residual acceptors is 1.4 x 10 cm . This material is several
orders of magnitude purer than undoped bulk GaAs, and represents the
state-of-the-art of vapor-phase grown pure n-GaAs. One measure of
the quality of the material, often used, is the electron mobility at 77 K.
1
 ' 2 'In this material, it is approximately 130,000 cm /vs, which compares
2favorably with about 150,000 cm /vs, the purest material reported by
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Lincoln Laboratories.
The donor ionization energy, derived by curve-fitting, as men-
-3tioned above, is approximately 4.95 x 10 eV, which corresponds to a
very shallow residual donor. This procedure of deriving the donor
activation energy is liable to be quite inaccurate. A much more di-
rect and accurate procedure, using a non-contact technique is discussed
under Thermally Stimulated Susceptibility changes. The value of ED
obtained agrees reasonably well with the value 0.006 eV calculated on
the basis of a hydrogenic model for the effective mass and dielectric
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constant of GaAs. The nature of this donor will be commented upon
later. Fig. V-l shows clearly that up to temperatures as low as 20°K
appreciable donor de-ionization does not occur, and the carrier con-
centration decreases rapidly with temperature only below about 20°K.
This is a consequence of the very low ionization energy of the donor.
The Hall constant increases monotonically with decreasing temperature,
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and does not saturate or decrease. This indicates that impurity-band
conduction does not take place in this material. The onset of im-
purity band conduction at very low temperatures occurs when the donor
density exceeds a certain critical value in compensated materials; the
large electron orbitals of the light electrons, in materials such as
GaAs, begin to overlap with each other if the density of donors is suf-
ficiently high. In bulk -grown "undoped" GaAs (or the lesser purity
epitaxial GaAs) onset of impurity-band conduction is clearly in evidence
at a temperature of 20°K.
Mobility data, derived from Hall and electrical conductivity
measurements are also presented in Fig. V-l. The general features
of the mobility-temperature curve agree with theory. On lowering
the temperature below 300°K, the mobility increases due to reduction
in polar-optical mode lattice scattering i.e. polar interaction of charge
carriers with the optical lattice vibrations. At very low temperatures,
ionized-impurity scattering limits the mobility. The latter mechanism
27 3/2is described by M«T ' with the result that the mobility peaks in the
vicinity of 50 K. The temperature dependence of electron mobility in
GaAs has been discussed by Sze. Lattice mobility varies as
(m*)~5/2T~3/2 and ionized-impurity-scattering as
so that the overall mobility, which is a parallel combination, is given
* -3/2 1/2by MO (m ) ' T ' . This relation is approximately borne out by the
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curve in Fig. V-l.
In photodielectric experiments, the momentum relaxation
time T appears as an important variable, and determines the magni-
tude of frequency charges observed.
: *
It is related to mobility by r = q M / m where M is
mom •
2 *the mobility in meters /volt-second, m is the effective mass of free
*
electrons (m = . 065 m. for GaAs) and q the electron charge.
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STEADY-STATE PHOTOCONDUCTIVITY
A. Spectral Response
Photoconductive (PC) as well as photodielectric measurements
reflect both surface and bulk phenomena. In attempting to study the
latter, surface effects must be suppressed as much as possible. Al-
though careful surface-etch procedures were done in order to reduce
surface recombination, it cannot be eliminated. It is desirable, at
the outset, to estimate the relative extent of surface effects in the
experiments. Spectral response of photoconductivity can be used for
this purpose. Fig. V-2 shows the small-signal PC spectral response
of epitaxial GaAs at 4.2°K. The sharp peak in PC at 8170 A is close
o 39
to the exciton absorption peak at 8190 A reported by Sturge. There
is no other structure to the curve, indicating the absence of electronic
transitions, other than the band-to-band transitions, in the range of
measurement.
The ratio of the PC signal peak to the plateau height, desig-
nated F, can be related to the surface recombination velocity s, the
lifetime of minority carriers and ambipolar diffusion length L. The
59
analysis here is similar to that given by Goodwin. Excess hole distri-
bution in n-type GaAs by strongly absorbed light is described by
2
Dd Ap Ap ~, -«x
*r ~ —^ - - G a e ,.
 Ovdx2 Tp -TTT (5'2)
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where D is the diffusion coefficient, ct the optical absorption coef-
ficient and G the optical pair -generation rate. Since n » p, D and
L are simply the parameters of the minority carrier.
The solution of Eq. (5.2) is
= Ae "X/L - r a 1 1 (5.3)
i 2, 2 -
 v(o L -1)
where A is a constant. Use of the boundary condition
D
at x = o
leads to
2
A« - r ft, T T Of*-1 +ST« _ v / T _~v
; (5.4)r
Lh,(a2L2-l) L+srP
The total photoconductance apH is obtained by integrating Eq. (5.4)
and results in
B r f ST i 1
gPh = w..A Z, \ 1+-T2- ' To~T- (5.5)
where the constant B absorbs geometry and other factors.
When ST »L, °ph will depend upon wavelength; it will in-
crease as decreases with h* . At short wavelengths a »
and surface recombination will dominate, decreasing "ph. On the
other hand, long wavelength radiation will pass through the epitaxial
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layer without sufficient absorption, decreasing * . . Thus a hump in
the %n-X curve is expected, and this is seen in Fig. V-2. The ratio
F, referred to earlier is given by the term, in the square brackets of
Eq. (5.5). In Fig. V-2, F = 1.13 D at 4.2°K can be calculated to
2- ' • ' 'be approximately 1 cm /sec; if r_ is assumed to be 1 nanosecond, L
becomes 0.3 Mm, which is consistent with other measurements. Use
• •" 2
of these values in Eq. (5.5) shows that S is about 7800 cm /sec, which
is quite low; this can be expected, also, from the small hump in
Fig. V-2. The composite lifetime rc is related to the bulk lifetime
as follows:
^ = 4-'' + IT (5*6)
Substitution of calculated values in Eq. (5.6) indicates that
surface recombination rate is less than 10% of the bulk recombination
rate for the etched GaAs sample.
B. Sub-linear Photoconductivity
The results of steady-state photoconductivity measurements
are presented in Fig. V-3 and Fig. V-4. The latter figure is ob-
tained by re-plotting Fig. V-3 for a constant light level, low enough
to insure "small-signal injection" conditions in the sample. The dif-
ferential photoconductance was separated from the overall sample con-
ductance in a straight-forward manner.
67
10-4
o
§•
rt
1 ID"6
8
o
10-7
I
24.2°K
13.6°K
6.6°K
4.2°K
Estimated onset of "High-
level1 excitation at 4. 2°K
I I I I
.01 .1 1 10 100
% of Maximum He-He Light
FIG. V-3 Steady-State Photo-Conductance as a
Function of Light Level for Various Temperatures
68
1000
100
|
§So
3
10
0.1
40
\ In (T/T3/2)
t * activation
\
\
\
\
\
^ 4.72 meV
I
is
•iHft%
***.
CM
co
H
80 120
1000/T
160
-1.
200 240
3/2FIG. V-4 Photoconductance and In (r/T ' ) as a Function
of Reciprocal Temperature. The Slope of the Latter Curve
Yields the Activation Energy of the Centers "Involved^ in Con-
trolling the Lifetime.
69
Two features of the data are noteworthy. First, the life-
time of the dominant carrier increases rapidly as temperature rises
from 4.2°K. This is a relatively unusual behavior. Between 4.2°K
and 60 rC the lifetime increases by nearly three orders of magnitude.
Secondly, at a fixed temperature, the relationship between photocon-
v
ductance and exciting light is highly sub linear. When this curve is
corrected for mobility variation with electron temperature (the rela-
tionship between light power input and temperature of the excited
electrons is discussed separately) and rep lotted as the n -Y curve of
0 34Fig. V-5, it is noted that n is proportional tot . '
Such a strong degree of sub-linearity between photocarriers
and the exciting light is difficult to explain on the basis of conventional
20photo-electronic models. Rose discusses a wide variety of models
of sub-linearity, all of which have in common the feature that certain
trapping levels are converted into recombination centers as the Fermi
level sweeps through them with increasing light. Such models, how-
ever, yield indices greater than 0.5 and are not applicable.
To explain the observed behavior we consider a model of
surface-generated carrier pairs by strongly-absorbed light, and subse-
quent diffusion of carriers away from the surface. Since GaAs has an
4 -1absorption co-efficient of 3.8 x 10 cm at low temperatures, light is
absorbed approximately at 0.25 Mm surface layer, making the model
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applicable. Such a model is also consistent with photodielectric be-
havior, discussed later.
At low temperatures, thermal densities of electrons and holes
are very small compared to optically-generated densities. The re-
combination of the carrier is then quadratic, i.e.
dnN) .
recomb.
/ N _ / \ - w « ~ v / c - v(737-  = (Hr) - rw -n, ) (5.7)dt
where n. is the intrinsic density
The equation of continuity can be written
dn _ D d2n ,2
 n 2. ,_ c,
-rfj- = —^ - r (n - n. ) (5.8)
dZ
 dZ2 l
where Z is the direction of the diffusion gradient, D the
diffusion coefficient of carriers, and r is given by
r =
 2 for intrinsic recombination.
• i ' .
The first term in Eq. (5.8) accounts for the diffusion of car-
riers away from the surface and the second term represents bulk re-
combination of photo-excited pairs.
The above equations can be solved, subject to appropriate
boundary conditions, to determine the desired n-^ relationship. The
solution is presented in Appendix I. The result is, for high light
intensities,
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n = (const) * 1/3 (5.9)
which agrees well with the experimental data. The conditions for val-
idity of Eq. (5.9) are not obtained at low intensities or high values of
lifetime, and the index departs from 1/3, as observed.
Physically, the cubic dependence of recombination rate of
concentration stems from quadratic recombination coupled with a linear
efflux of carriers away from point of generation.
This sub linearity prevents observation of photodielectric dis-
persion characteristics over a wide enough interval of carrier density
for He-Ne light.
C. Temperature-dependence of Lifetime
The strong temperature dependence of free-carrier recombina-
tion lifetime as manifest in Fig. V-4, will now be discussed. It is
more usual for lifetimes in solids to increase when the material is
cooled. The observed behavior can be explained on the basis of the
44Shockley-Read model for recombination via traps. It is shown that
the active traps responsible are, in this situation, the shallow donor
centers themselves. Alternative viewpoints are discussed later.
According to the Shockley-Read model, the lifetime of car-
riers under low-injection-level conditions can be expressed by the
44general equation
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n + N p + P
r = r _2 EH + r 12 YJH (5 10)po n + p no n + p ( 'lu;F
 o . o o Fo
The symbols are defined as follows: n and p are the equil-
ibrium densities of electrons and holes in their respective bands, N
cm
is physically the density of electrons that would exist in the conduction
band if the Fermi level coincided with the trap level:
N c m = N c e m (5.11)
AE being the energetic location of the center below the conduction
band. P applies analogously to holes. r is the low-injection-
level lifetime in a heavily doped p-type material i.e. in a situation
. !
where centers are all occupied by holes and readily capture injected
electrons;
SntvthNt
where S is the capture cross-section of empty centers for electrons,
N the density of these centers and v , the thermal velocity of electrons,
r is defined analogously.
The energy band scheme of pure epitaxial GaAs containing
the proposed trap, active at very low temperatures, is shown in
Fig. V-6. When the traps are located in the upper half of the band,
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it can be seen with the help of Eq. (5.11) that
V Pvm (5'9>
Using the above inequality, Eq. (5. 10) reduces, for an n-
type semi-conductor, to
1+
 TT2' (5'o'por
The temperature -dependence of r can now be examined by
tracing the effect of the moving Fermi level position as the tempera-
52ture rises from absolute zero. Blakemore has discussed the loca-
tion of Fermi level for the case of a semiconductor containing N^
donors, partly compensated by N. acceptors with ND > N. . The
analysis is somewhat lengthy, but straightforward, and results in the
following expression: Ep - E . = (5.14)r c
kTln 2S(ND-NA)
where E, is the Fermi Energy.
So long as n < < N , i.e. for temperature insufficient to
O a
cause complete ioriization of the donor atoms, Eq. (5.14) can be sim-
plified considerably to
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Ef = Ec>ED + kT ln
For ND= 2 x 10 cm" , NA = 1.4 x 10 cm, as determined from
Hall measurements, and taking the spin degeneracy factor to be 0.5,
Eq. (5.15) can be written
EF = EC - ED - 0.54 kT (5.16)
Thus, at absolute zero temperature, the Fermi level is fixed
at the donor level. The presence of the compensating species does not
permit E, to cross the donor level and move closer to the conduction
band, as happens in an uncompensated semiconductor.
Returning to Eq. (5.10) it is noted that at temperatures ap-
proaching absolute zero, N < n and r = r . As the tempera-.r
 . cm o po r
ture is further increased, and me Fermi level drops, n rises as
- A E /kTdonors get ionized. N = N e nv increases exponentially.dn *•*
When donor ionization is almost completed, N exceeds n and it in-cm o
creases further as temperature rises. The unity in Eq. (5. 13) can
now be neglected, and
Ncm
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Eq. (5.17) can be simplified to
>3/2 e-*Em-
(5.18)
* 2
n "cm n '
o o
.'. '= constant T3/2e-*Em/kT
3/2 1Thus, the slope of In ( r /T ' ) - =, curve (Fig. V-4) or (photoconduc-
3/2 1tance/T ' ) - =, directly yields the principal trap energy.
This slope, derived from Fig. V-4 yields an activation energy
of 0.0047 eV. This energy is very close to ED> the ionization energy
of the donor, and indicates that at low temperature the active recombina-
tion center is, in fact, the donor level itself. Such behavior has pre-
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viously been observed in doped Germanium at very low temperatures.
Physically, the donor "traps" communicate directly with the
conduction band at higher temperatures: an electron captured by such
centers is much more likely to be ejected back to the conduction band
than to trap a hole. Thus, at higher temperatures, the donor centers
simply act as "safe" traps and not as recombination centers. As the
temperature is lowered, thermal transitions back to the nearest band
become exponentially less likely since less energy is available to over-
come the 0.005 eV barrier. Under the circumstances holes have a
much higher probability of being captured. Thus, recombination traf-
fic flows through additional (donor) centers and free carrier lifetime
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decreases exponentially on cooling. Conceptual tools such as demarca-
20tion levels, etc., used by Rose can also be used in this situation;
 :,
they are merely alternative viewpoints of the Shockley-Read model
discussed above.
Two implications of the above analysis must be considered.
First, although it has been assumed so far that the active centers are
located close to the conduction band, an equally plausible model can be
created for active centers close to the valence band; in fact, the slope
of Fig. V-3 does not identify the band close to which these centers
44lie. An additional experiment is necessary to clear the ambiguity.
Such experiments as quenching of photo-conductivity by infrared radia-
tion can be used. In this case, however, far-IR radiation of several-
hundred-micron wavelengths would be required in view of the low activa-
tion energy of the traps. This is precisely where the convenience and
power of photodielectric measurements can be used to augment other
data.
Secondly, if the model is correct, it predicts increased trap-
ping as temperature rises from 4.2^C. Photodielectric measurements
again provide a direct method to verify mis, since trapped-carrier as
well as free-carrier effects alter the dielectric constant. The next
section is concerned with interpretations of such measurements.
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STEADY-STATE PHOTODIELECTRIC BEHAVIOR
A. Thermally Stimulated Susceptibility Changes
Photodielectric measurements are best discussed by starting
with thermally-stimulated dielectric constant changes, so that compar-
ison may be made with Hall measurements discussed earlier. Ther-
mally-stimulated susceptibility changes are conceptually analagous to
the well-established technique of thermally-stimulated conductivity in-
19troduced by Garlick et. al., and used extensively to study deep traps
in materials. In that method, charge stored in traps is ejected out
under thermal stimulation; the trap parameters are gleaned from know-
ledge of the temperature of peak conductivity as the temperature is
swept. Thermally-stimulated changes in the dielectric susceptibility
of semiconductors can be introduced in an analogous fashion; in this
case, however, the total frequency change is the relevant quantity
measured.
When applied to study the polarization due to electrons in
shallow donor states, it is convenient to determine the overall change
in dielectric constant as donors are fully ionized. In the experiments
performed, me requisite temperature range was not covered. Instead,
the sample was heated by radiation from a carbon-dioxide laser,! and
the temperature range 4.2°K to 14.8°K was traversed. In later ex-
periments, a heater wound around me cavity served to heat the sample
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and cavity. The results were identical, indicating that the sole ef-
fect of the 10.6 Mm radiation from the C(X laser was thermal, and no
other electronic transitions were involved.
The frequency decrease observed on heating the cavity and
sample from 4.2°K to 14. 8°K was 138kHz . Thermal expansion of
the copper cavity contributes a frequency decrease A f = f a A T where
a the mean linear expansion coefficient in the temperature range is
1.49 x 10" . This gives a frequency decrease of 13.5kHz and
leaves 124kH z as the contribution of the sample.
The contributions to polarizability of thermally-generated free
electrons and ionized traps can be determined using Eq. (2.12) and
Eq. (2.16) respectively. The entire epitaxial layer, 50 M m thick
is active in this experiment; the substrate contribution was found to be
i ••
zero, in an independent experiment using a chromium-doped GaAs
(semi-insulating substrate material) of identical geometry. The rele-
vant filling factor, G, is then G = G (experimentally determined for
sample) x epi-layer thickness/overall sample thickness. G was de-
-4termined to be approximately 1.5 x 10 .
At 14.8^ the free-carrier concentration, from Fig. V-l is
1 Q —^ *?4 x 10 cm" . For a shallow trap (W/V ) is much smaller than
9
co
 o , and the cavity frequency w is also several orders smaller.
Hence Eq. (2.16) simplifies to
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2 25/A \ _ -ne 1 -1.69x10
 /c im
^'Wrapping "m^ * ~^I = —VT <5'19)
o
The negative sign arises because of detrapping, i.e. loss of polariza-
tion of previously bound electrons. The free-carrier contribution toi
susceptibility change can be calculated using Fig. V-l to determine w
and T . The result is A« (free carriers) =* -17.
The initial dielectric constant, at 4.2 K is the sum of the
lattice contribution and that due to (ND - N,) trapped electrons, since
the thermal free-carrier component is negligible. This gives
(« )'4 2°K - 20- Now usinS Ecls- (5-19) and (2.16) yields
-1.69 x 1025
which, with Eq. (2.15) yields E = 0.0049eV. This is almost exactly
the value obtained by a least-squares-fit analysis of the slope of the
Hall Coefficient-temperature curve. Thus, we have a non-contact
technique that can accurately determine shallow trap locations, or active
impurity ionization energies. In practice it would be sufficient to
stimulate the material thermally until full donor ionization occurs and
use the room-temperature carrier concentration in calculations. This
technique is particularly apt for strongly compensated materials where
the material turns insulating even above 77°K. A good case in point
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is the "Gunn quality" Te + C^ doped material which becomes insulat-
ing about -55 C, even though very shallow (Te) donors are involved.
It is interesting to note the strong changes induced in the di-
electric constant in this simple experiment; also, under optical stimu-
lation, the free-and trapped-carrier photo-dielectric effects are gen-
erally of opposite sign. In the situation described above, both effects
are of comparable magnitude and like sign.
i
B. Photodielectric Changes as a Function of Temperature
If strongly absorbed He-Ne laser light is incident on the sur-
face of the sample, a gradient of photo-generated carriers is super-
posed on the thermal free carriers. In order to study changes in the
dielectric constant caused by this gradient, it is first necessary to dis-
! ' ' • • - .
cuss the distribution of photo-carriers.
As discussed earlier, photo-excitation of GaAs at low tem-
perature results in generation of excess electrons, since the non-
equilibrium holes have a very short lifetime due to preferential trap-
ping. The strongly asymetric photoconductivity can be treated essen-
tially as being unipolar, much the same as for impurity photoconduc-
tivity. In this case, the distribution of excess electrons is very dif-
ferent from the ambipolar case, where a lifetime dependent diffusion
length characterizes the diffusion.
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The unipolar -photoconductivity case has been treated by
26Ryvkin , who has shown that the density gradient of excess electrons
2d An An 1 K I
is described by
- — 5 — - - y - - s
dx L • L z o1'
e e
where > is the recombination coefficient, An is the excess electron
concentration, along the direction normal to the surface, in a thick
sample illuminated by surface-absorbed light of intensity I, and K the
optical absorption coefficient. For GaAs at low temperature, (6328A
4 -1light) K is approximately 3. 8 x 10 cm i.e. He-Ne light is absorbed
in about a 0. 25 ^m surface skin. For samples with active epitax-
ial layers exceeding a few tens of microns, Eq. (5.20) is, therefore,
an excellent approximation. The important parameter governing the
diffusion is the Debye length of electrons, Lg given by
*VT 2
L = (-iy - ) (5.21)
6 2
where k is Boltzmann's constant and € the permittivity of the semi-
conductor. L is the counterpart of the diffusion length, Ln =6 \J
1
^Dambioolar -Tn^ 2 whicn °ccurs in me ambipolar photoconductivity
case. Equations (5.20) and (5.21) are based on a model of weak
photo-excitation, viz. An « n . In the experiments with laser-
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light excitation this condition does not obtain. The diffusion for strong
excitation is difficult to analyze, since it is non-linear, being charac-
terized by a Debye length which increases as the excess density falls
off. Nevertheless, as Ryvkin points out, Eq. (5.21) still can be used
to estimate the diffusion profile for strong excitation.
Solution of Eq. (5.20) subject to the boundary conditions an — 0
as x—a yields
'. An = Un)surf e"x/Le (5.22)
Using the above expression, we can write for the plasma frequency at
depth x from the surface:
e
"
x/Le (5
-
23)
where the subscripts t and o refer to optically generated and sur-
face charges, respectively.
This allows us to extend the previously derived expression
(2.12) for dielectric constant of a uniformly excited material to the
case of surf ace-excitation, obtained experimentally:
„ 2 -x/L
" . e ' e
P*o
« < « > = € „ - * " - °
*
_..._.: •__:.„ .; _.__._ (5?.24)
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i.e.
= €
0.63 «
1 - 2 2
1 + u> r
+ t (5.25)
Eq. (5.25) represents the dielectric constant averaged over
the penetration depth, L of the photo-excited carriers. For clarity,
C .
the thermal-electron contribution has been neglected in this expression.
It must be included when computing frequency shift on illumination.
(' is now the average, over this same distance, of the contribution
of electrons trapped in shallow trapping states, i.e. donor-like centers.
• ,
«_ . will, in general, differ from e ^  the dielectric constant contri-i4> 1
button of these same species under dark-equilibrium conditions.
The averaging performed in Eq. (5.25) requires some justi-
fication. Since photodielectric frequency shifts experimentally ob-
served depend on reciprocals of the dielectric constants, it is strictly
correct only to determine the frequency shifts due to each elemental
layer, illuminated and un-illuminated, using Eq. (2.11) and (2.25).
However, such an analysis becomes quite difficult to perform. Further-
>
more, since the frequency shift is physically caused by the difference in
the electrostatic energy stored per cycle in the sample, the averaging
process appears to be justified.
Combining Eq. (5.25) with Eq. (2.24) yields the desired
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relation between observed frequency change Af on illumination, and
other parameters:
1 1
V i-°-63-pJo*-pV
. , 2 2
_
 1 + W T h o t
, ' • '•
+ 'T*
2
-w ,
pth
2 2
•1+w r
1
+ «
T
(5.26)
In the foregoing expression G is the experimentally deter-
mined "filling-factor" (0.0015 in the X-band measurements), t, the
thickness of the sample, « ^ the plasma frequency for me thermal-
i . ' ' -
equilibrium electron density. r^ represents the momentum re-
laxation time for hot carriers, as previously discussed. t. is the
corresponding value for "thermal" electrons.
The photo-dielectric data obtained on steady-state frequency
shift under illumination, Fig. V-7, can now be combined with conven-
tional photoconductive data to glean additional information.
2 iValues for w the surface plasma frequency due to photo-
P
*o '
carriers, can be calculated quite readily, as follows. For a "thick"
sample, i.e. whose thickness greatly exceeds absorption length of
44 'light, the photoconductance can be shown, by simple integration, to
be independent of the optical absorption coefficient and given by
A<r = geometry factor x qM x n , (5.27)
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2Using Eq. (5.27) and the photoconductance data from Fig. V-2, «
2 °is readily determined, since n and w , are related by Eq. (2.21)
2 o
w . can likewise be calculated from the thermal equilibrium concen-
tration n , derived from Fig. V-l for a given temperature. T is
obtained from Fig. V-l and the relation r = ^q/m*. It varies
from 2.4 x 10~ sec at 4.2°K to approximately 8.4 x 10 sec. at
55^C. u> is 5.5 x 10 rad sec for the X-Band cavity frequency
of 9.02 GHz. The lattice dielectric constant varies but little over the
low temperature range of interest and its value can be taken as 10.5.
In discussing the thermally stimulated polarizability changes,
it was noted that for a partially compensated material containing N~
donors and N^ acceptors per unit volume, N D > N . , the donor atoms
compensate the acceptors even at temperatures near absolute zero.
Thus, at 4.2°K the density of neutral donors is approximately (ND - N.)
1 3 - 3i.e. ~ 6 x 10 cm for the pure epitaxial material under study.
The number of free carriers at 4.2 TC is several orders of magnitude
smaller. Hence, the number of electrons trapped by shallow states
1 Q. ^ r\
of 0.005 eV binding energy is 6 x 10 cm" at 4.2 K. The real
part of the dielectric constant contributed by these trapped electrons,
t' can be calculated from Eq. (2.14) and (2.15).
T
This contribution is plotted as a function of temperature in
Fig. V-8 which also shows die overall dielectric constant change de-
rived from Eq. (2.25) and the experimental data of Fig. V-7.
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The calculated contributions of the core electrons (lattice
dielectric constant) and free carriers is superposed on the same
figure. The desired data, viz. «' , can be extracted from the dif-
. T*
ference in the experimental and calculated curves.
The implications of the resulting curve will be discussed in
some detail. The increase of €f i.e. the optically-induced trapped-
T*
electron dielectric constant change, as temperature rises clearly re-
flects the availability of an increasing density of shallow electron traps.
\
The activation energy for this process is, of course, the ionization
energy of the shallow donor-like traps, since the same physics governs
the rate of free-electron lifetime increase. Alternatively stated, as
temperature rises, the dark Fermi-level sweeps through the shallow
centers, and changes their role from recombination to trapping. This
. . . . 1
process increases the dielectric constant, as opposed to the decrease
that takes place due to thermal ionization of donors, discussed earlier.
The two processes take place simultaneously.
Frequency changes caused by hole trapping can be neglected,
for three reasons. First, the shallowest centers, near the valence
band, in GaAs are approximately several times as deep as shallow
donors, viz. about 20 meV. This occurs because the ionization
energy E is related to the effective mass of the hole, m * as follows:a p
-2
<-=£> EH (5-28)
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where E is the static dielectric constant and £„ the ionization energy
of hydrogen atom. Since the hole mass is approximately seven times
higher than electron effective mass, the acceptor levels are corres-
pondingly deeper. Secondly, Eq. (5.29) and Eq. (2.14) indicate that
the frequency change due to trapped holes will be about 20% of the
changes expected if the same density of electrons were trapped in
shallow electron states. Hence, dielectric constant changes due to
hole trapping can be neglected. Furthermore, as mentioned earlier,
at low temperatures hole recombination lifetime is extremely short—
at least two orders shorter than electron lifetime. This renders the
free hole photodielectric effect negligible. Hence, frequency changes
cannot be ascribed to a shallow trap near the valence band.
Thus, the increased rate of electron trapping, manifest in
the frequency changes discussed above is further confirming evidence
for the model of lifetime-temperature behavior presented earlier. It
allows an unambiguous assignment of the location of the trapping levels
i.e. the active centers are located close to the conduction, and not the
valence, band.
The above analysis illustrates how non-contact photodielectric
data may be combined with conventional analytical techniques to provide
enhanced insight into recombination and trapping in materials. Additional,
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more direct data is provided by transient measurements. These
will be discussed in the next section. Before leaving the subject
of steady state photo dielectric effects, it is interesting to note some
facts. In the case of strongly absorbed light, the "active" volume
of the material is a very thin surface skin, especially at higher
temperatures where the Debye length is only a few microns thick.
This effect causes the excess carriers to be localized and strong
modulation of the dielectric constant results. Thus at 4.2°K, 6328 A
i . • '
light of only a few milliwatts can cause the entire lattice dielectric
constant to be masked out by the free carriers, resulting in a nega-
tive overall dielectric constant at X-Band. At higher temperature
the surface skin becomes metal-like in its dielectric behavior.
This, and the rapidly decreasing "active" volume of the
sample constitute the main reason for the rapid decrease in photo-
dielectric frequency-changes observed as temperature rises.
TRANSIENT ANALYSES—PHOTOCONDUCTIVITY & PHQTQDIELECTR1C
Lifetimes derived from steady-state PC measurements are of
the order of 0.1 microsecond at 4.2°K, whereas the decay times of PC
and PD signals are several milliseconds. This great disparity implies
strong minority-carrier .trapping... As shown earlier,_ die response
time r is related to r the majority-carrier lifetime as follows:
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= U + .V) Tn (5.29)
whidi shows that the ratio of trapped-to-free carriers, is greater than
310 . Fig. V-9 shows a recorder plot of a typical PC decay curve
taken at 10 .^ The fast drop at termination of the light, (when
observed directly off the microwave discriminator with an oscilloscope)
actually has a time constant of several milliseconds. The slow decay
following on represents discharge of deeper traps. These features will
be discussed in detail. Numerous curves such as shown in this figure
have been recorded for a wide variety of conditions--e.g. varying
temperature, optical excitation intensity, "bias" light, etc. Rather
man present all of such basically similar curves, the data will be dis-
cussed more succinctly in text, in terms of the features of a few repre-
sentative curves. ;
At 4.2°K, there is no evidence of the slow decay (region BC
of curve in Fig. V-9) at any level of optical excitation, and there is
only a single-step recovery. This agrees with the fact mat the shal-
low (0.005 ev) centers are primarily acting as recombination centers.
Deeper hole traps have an activation energy of approximately 9kT at
this temperature, and therefore there is no slow-recovery segment in
the decay curve. As the temperature rises to about 10 K, a large
fraction of the shallow .centers -assume.the-role_of .traps ^and- the PC
light terminated
1 2
Time, Seconds
FIG. V-10 Typical Photoconductivity Decay
Curve for Small-Signal Excitation at 48°K.
The Curve is Non-Exponential After First Few Seconds
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signal increases. Simultaneously, the deeper acceptor traps begin to
discharge because of the increased thermal energy available, and the
onset of the two-step recovery, with two characteristic "time-constants,"
takes place.
The parameters of the deeper trap are first determined,
using decay curves exhibiting slow exponential recovery, such as shown
in Fig. V-10. The recovery is exponential because the number of
filled traps is small compared to their total number, so that the re-
sponse time remains approximately constant, as mentioned in Chapter
III. At T = 62^, and 48°K the time constants are 0.45 and 0.61 sees,
respectively, the thermal velocities are approximately 2 x 10 cm sec "
and 1.27 x 10 cm sec." . Assuming that the capture cross-section
follows a 1/T dependence, the parameters can be substituted to solve a
set of Eq. (3.26) simultaneously, to yield a trap energy Et of 0.033 eV.
This trap position is quite close to the 30 meV acceptor-like trap ob-
i
served by several workers, in their high purity epitaxial G a As by low-
temperature photoluminescence. Silicon on Arsenic sites gives rise
to a « 0.03eV acceptor level.
14 -3Reverting to Eq. (5.12) and taking N to be 1.4 x 10 cm
OM *?
section, Snt at 62°K is approximately 2 x 10 cm . This is a very
small cross-section, and presumably is a coulomb-repulsive center for
holes, as similar to a center found in n-silicon. Such a center is
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likely to constitute a terminal state for subsequent radiative capture of
electrons from the conduction band. The residual acceptor density,
14 -3N^ = 1.4 x 10 cm , obtained from Hall measurements can be as-
sociated with this level. If other residual acceptors Nl were present
they would be manifest in Hall measurements as well as in photocon-
ductive and photodielectric decay transients of different time constants.
Other centers, if present, do not have a sufficiently high density-cap-
ture cross-section product to affect the sensitive transient measure-
ments.
The shallow 4.9 meV donors which were influential in deter-
mining the steady-state photoconductive lifetime must also affect trans-
ient measurements. Examination of the photodielectric decay curves,
(such as Fig. V-ll) directly off the microwave discriminator in the PD
experiments, as well as photoconductive decay curves confirms this.
In Fig. V-ll, the decay at 4.2°K is not quite exponential, very
probably due to the large number of traps optically saturated. How-
ever, an approximate time constant of 25 milliseconds, estimated from
the storage-oscilloscope display, can be taken as a representative value.
Eq. (3.26) gives
Nc x %,« V^/"- -i
or
6.7 x 1014 Sht x 107
 e"
 AE/kT
 = 160 (5.30)
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To find the cross-section of capture, S , use can be made of steady-
state photoconductive data. From Fig. V-2 lifetime T is 1.25 x 10"
sec. for low-level injection at 4.2°K. Use of Eq. (5.12) and N =
ND (shallow) = 2 x 1014cm~3 yields S(shallow) of 4 x 10~15cm2. This
value, used in Eq. (5.30) results in a trapping energy level of 0.0047 eV
below the conduction band, in fair agreement with all previous data.
Given a knowledge of the capture cross-section of a center, or its
temperature behavior, the most direct and sensitive method to determine
its energetic location is PC or PD transient measurements, and use of
-15 2Eq. (5.30). The cross-section of the shallow donor, 4 x 10 cm is
rather small compared to values for shallow centers in Si and Ge,
where values greater than 10" cm have been measured. This
center is therefore probably not in the class of "giant" capture centers
fin
discussed by Lax. In such centers, capture takes place in a higher
excited state of the center (and one whose geometric extent is therefore
several unit cells), with subsequent cascading down to the ground state
via emission of phonons. More important from the viewpoint of re-
combination dynamics is the fact that the shallow donor in GaAs is
20likely to be ineffective at room temperature. As discussed by Rose
_2
the capture cross-section of many centers varies as T , especially if
they are coulomb attractive. If such a temperature dependence holds,
at 300°K the capture cross-section shrinks to approximately 10" cm .
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Under these circumstances, some other center or mechanism is likely
to dominate the recombination kinetics.i
TEMPERATURE DEPENDENCE OF RESPONSE TIMES
i
At me lowest temperatures, the recovery transient at the
termination of a light pulse is characterized by three distinct regions,
when a curve such as given in Fig. V-9 is resolved further, using a
storage oscilloscope. Fig. V-l-2 shows this transient. The initial
rapid drop "A" corresponds to direct recombination of free electrons
with free holes, and partly with holes trapped at deep acceptors. The
next region, "B" corresponds to thermal excitation of electrons trapped
\ i " . •'
at shallow donors being re-emitted to the parent band, and subsequent
recombination | via either route mentioned above. The third phase
corresponds to discharge of holes from slower acceptor traps, and
i
recombination, mostly with electrons ejected from donor traps. If
the above explanation is correct, the resulting implications for the
general behavior would be as follows: Starting at approximately 3.6 N,
the magnitude of electron trapping is expected to be low, as discussed
earlier. See Fig. V-13. Hence component A is expected to be dom-
inant, B very small, and C undiscernible at that temperature. As
temperature rose, to 5.3°K, the onset of majority carrier trapping
would increase the size of B relative to component A, and C would
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become noticeable as thermal activation increased. This general trend
would continue as temperature rose. At a temperature such mat kT
becomes significant compared to E (i. e. 17 R) the rapid discharge of
shallow traps would be expected to be counteracted by; strong re-trap-
ping from the conduction band, since the Fermi level location now is
well below the trap. Thus component A would be expected to be very
small compared to B, or be totally absent. The overall response time,
would, however, be faster than that at say 12°K, because the slower
component C (present at both temperatures) would, from Eq. (3.26)
become more rapid (approximately) exponentially. Thus at a tempera-
ture of 55°K, a single-step recovery such as seen in Fig. V-12 is ex-
pected. All of the features qualitatively discussed above are con-
firmed in Fig. V-13 which presents the significant data extracted from
a. group of transient measurements.
OPTICAL BLEACHING OF TRAPS: RESPONSE TIME VARIATION
Another feature to be studied is the influence of a steady-
state excitation superimposed on the low-level transients. It can be
inferred from the discussion in Chapter III that progressive filling of
traps by a steady excitation can reduce the "effective" number of traps.
This phenomenon of "optical bleaching" of traps, can be seen in Fig.
V-14. Steady He-Ne light, of different intensities, from a "bias"
laser was shone on the sample in addition to pulse light excitation for
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this experiment. The time constant of the 'B' component reduced
from approximately 0.33 sec to 15 milliseconds when one mW of band
gap light was superimposed.
OPTICAL QUENCHING OF TRAP NOISE
A striking demonstration of optical bleaching of traps was also
found in the study of low-frequency noise due to trapping. (Fig. V-15)
The current (shot) noise due to thermal emission of electrons trapped
at shallow donor-like centers, and their subsequent re-capture by the
same centers constitutes a source of thermal noise. In the present
case, the noise was observed in a photodielectric experiment, and mani-
fested itself in random frequency deviations about the mean frequency.
The characteristic low frequency noise was found to have a power spec-
trum which was approximately flat, up to the corner frequency of 1 KHz.
Inadequate noise data does not permit a quantitative analysis but the
process is obviously one of bleaching of shallow traps and thus, removal
of the noise due to trapping and detrapping.
RECOMBINATION MECHANISMS AT LOW TEMPERATURE
Thus far, the details of the recombination mechanisms ul-
timately limiting the lifetime of excess carriers at low temperature
have not been discussed. The foregoing PC and PD analyses can now
be used to synthesize a suitable model. The only states that have
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been revealed in the data thus far are the residual donor and acceptor
states. As discussed earlier, these are evidently the active trapping
states for high purity n-GaAs at low temperatures. A variety of modes
of recombination are possible, viz. (i) band-to-band radiative free car-
rier recombination (ii) donor-acceptor pair recombination (iii) radiative
recombination of excitation at an impurity site (iv) conduction band to
acceptor center radiative recombination (v) radiative or non-radiative
recombination via some other deep impurity (vi) Auger recombination,
especially under higher level optical excitation. Other modes also can
exist. All of the above modes have been discussed since 1966 by a
large number of investigators. The most comprehensive reviewi i
/lq
article to date is by Bebb and Williams who discuss in detail recent
photoluminescence and related measurements by various workers. The
present work supports model (iv) viz. radiative recombination of free
electrons from the conduction band edge with holes trapped at residual
acceptor sites. This mechanism will now be elaborated on, and com-
pared with the viewpoints presented in the literature.
The temperature dependence of PC lifetime suggests that at very
low temperatures the shallow donor acts as a recombination center.
The photoexcited electron is first captured at this center, and the
complementary transition of a hole bound at the acceptor center com-
pletes the recombination process. (Fig. V-16) This latter transition
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could, in principle, be either radiative or non-radiative. The theory
of donor -acceptor pair recombination indicates that such transitions are
generally radiative, because a bound (localized) electron has, by the
Uncertainty Principle, a large spread in momentum, allowing the
64
momentum conservation requirement to be easily fulfilled.
For donor -acceptor pair recombination the emitted photon
64
energy expected is given by
n2hr = E - (E + E) + (5.31)
where E. and E... are energies corresponding to the terminal acceptor
and donor levels, and r is the radial distance between the pairs, and K
i
 t
I ' ;
the lattice dielectric constant. A series of sharp lines corresponding
to E. = O.OSeV, ED = 0. OOSeV and for various values of separation are
expected. Photoluminescence (PL) studies or high purity epitaxial GaAs
of very similar properties to those used in this work, performed by
fif f.ji
Dingle and Bogardus and Bebb, amongst others confirm the presence
of a series of PL lines at 1.490eV and adjacent energies.
As the temperature is raised above approximately 7°K or
the dropping Fermi level would be expected to alter the role of the
level, as discussed earlier, and reduce the donor-acceptor recombina-
tion. This has also been observed in PL studies. At the same time,
i
the more probable process, that of direct recombination of a free
110
electron with a bound hole, is expected to dominate. This is shown
by the transitions in Fig. V-16 The work on acceptor luminescence
67in high purity n-GaAs of Rossi et. al. strongly indicates that the
dominant recombination process involved at low temperature is a free-
electron-to-neutral acceptor (e, A) radiative transition. Fig. V-17
shows the "PL lines they observed. Using the correlation of magnetic
field, temperature, and light intensity data they conclude mat the above
transition is the correct assignment, in contrast to exciton-ionized-
acceptor and other mechanisms. Rossi et. al. also observe that the
intensity of the above PL line increases as temperature is raised while
that of the donor-acceptor pair lines decreases. All of these findings
are quite consistent with the results of PC, PD and other measurements
in the present work. The precise PL measurements of Rossi et. al.
reveal two acceptors at 27 meV and 31 meV; this difference is unre-
solvable in the present work.
It is worthwhile to estimate the transition probabilities (or
68lifetimes) associated with band-to-acceptor trap transitions. Dumke
has performed the quantum-mechanical calculations for direct gap
materials, and assuming that the bands are parabolic, the impurities
shallow, discrete and non-overlapping. His results for the transition
•probabilities are as follows.
For conduction band-to-acceptor, the transition probability at
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1.4861 1489 1.4933
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Sample A:
N0 « 4.6 x »13cm"3
NA « 3.OxK)13cm"3
/i(T7°K) = 195,000 cm2/V*ec
1.4861 1.48991.4933
•V
B.D.
N0 • 2.3 x K>M cm"3
NA « 2.1 x W14 cm"3
/i(77»K) « 112,OOOcm2/Vtec
FIG. V-17 Pertinent Photoluminescence Spectra From
Two GaAs Epitaxial Layers. The Bottom Two Traces
Were Taken With Each Sample at 4.2°K, the Upper
Two at 10°K.
(After Rossi et, al, Ref. 67)
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k = 0 is
2 2
* n q n g , | v c | P A
5— if - I q / j l
no c^rn (m EA) ^
where | P [is the averaged inter -band matrix element of the momentum
operator; n~ and p . are concentration of electrons in donors and of
holes in acceptors, respectively. m is the equivalent effective mass
for holes and n the refractive index. Higher energy carriers (at k % 0)
have a lower transition probability.
For GaAs, Eq. (5.32) simplifies to
^i— = 0.43 x 10~9 pA cm3/ sec (5.33)
no
14 -3At low temperatures p . = 2 x 10 cm and Eq. (5.33) gives the
radiative lifetime of 10 microseconds. The overall (PC) lifetime,
from Fig. V-2 at 4.2°K and low-level excitation is 1.25 x 10 sec.
This stresses the fact that even a liquid Helium temperatures the com-
petitive recombination via shallow donor -like defect states manifests it-
self in limiting lifetime of excess carriers.
Direct band-to-band radiative recombination has not been men-
tioned in the present work. This mode has also not been observed in
the luminescence work of other investigators at liquid Helium
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temperatures. Reports by Gilleo et. al. of free-carrier recombina-
tion have recently been shown to be due to grating ghosts. Much high-
er material purity than is presently obtainable is required for free
carrier recombination to be observable.
Fig. V-3 shows that the lifetime of excess carrier rises ex-
ponentially up to 55°K, and this trend will be retained to perhaps 77^
or ICX/V, yielding millisecond lifetimes. At 300°K, on the other hand,
a simple PC measurement yields a lifetime of 2 to 5 microseconds.
Obviously, as the temperature rises above the liquid Nitrogen range
some other rate-limiting process takes over from me low-temperature
processes discussed. The center responsible for this recombination
traffic has not been investigated in detail in the present work. How-
ever, some noise-spectra measurements carried out at room tempera-
ture suggest that a recombination level located about 0.15 to 0.2 eV
from the conduction band may be responsible for lifetime limitation at
300^K. The above range encompasses a level at 0.19 eV observed in
70pure material by Copeland and 0.18 eV observed by the present
author in compensated Gunn-quality melt-grown material. Thus this
level may be a native defect. The evidence is, however, insufficient.
CHAPTER VI
SUMMARY AND CONCLUSIONS
In the preceding chapters some physical theories pertinent
to the measurement properties of GaAs have been presented, and ex-
/
perimental data has been analyzed. In this chapter, the main features
of the theory are summarized. A model for explaining recombination
and trapping in high purity GaAs, valid below 77°K is next assembled
from points made at various places, and some additional comments
made on mis model. In conclusion, an appraisal is given of photo-
dielectric techniques for material property studies.
PHQTODIELECTRIC THEORY
A detailed discussion between me internal field seen by free
and bound charges in a solid and the external driving fields has per-
*
mitted revision of earlier description of photodielectric dispersion
characteristics of a semiconductor. In particular, when the momentum
relaxation time is taken to be energy-independent, the free-carrier
susceptibility monotonically diminishes the total susceptibility as the
carrier density is increased. At the plasma frequency the overall
dielectric constant is zero, and it becomes negative as the plasma
frequency exceeds the cavity or driving frequency. This behavior is
a smooth transition from insulating to metallic conditions, as expected.
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When the energy-dependence of the relaxation time is considered, the
behavior becomes non-linear and complex. It is possible to then
obtain a free- carrier susceptibility of the same sign as the lattice
41susceptibility, as observed, for instance, in Germanium by Gibson
et. al. for field-excited hot electrons. This non-linear behavior is
particularly likely under high cavity-field conditions and perhaps may
explain some anomalous results in earlier work. This cannot be
verified since the working field-strength was unknown. In the
present work, electric field strengths were maintained below 0.01 V/cm
to obviate such and other non-linear effects, e.g. impact ionization of
impurities.
The change in dielectric constant of GaAs on illumination is
o
very large, especially since the 6328 A light is surface absorbed. In
most semiconductors, the change can easily be several-fold for light
powers in the submilliwatt levels. This makes possible very sensi-
tive instrumentation of material properties. The momentum relaxation
time, Tm must be as high as possible in order to make the dominant
parameter (W DO large. The factor (w r ), however, need not be
large to cause a large PD effect.
PHOTO-ELECTRONIC PROPERTIES OF GaAs
Most earlier work on GaAs has either been based on rela-
tively impure material or has been at temperatures above 77 K.
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The present work shows that the majority carrier lifetime in high pur-
ity n-GaAs, epitaxially grown on semi-insulating Cr-doped bulk GaAs,
is approximately 0.5 millisecond in the 60 R-70°K range. This is an
extremely long lifetime and occurs because of potent minority carrier
trapping. On cooling to 4.2°K the lifetime decreases by more than
three orders of magnitude. The dominant mechanism for this effect
is Shockley-Read recombination via shallow donors at low temperatures.
As the temperature rises, the centers assume the role of trapping
rather.than recombination, and do not limit the lifetime. Photodi-
electric data clear.ly identify these shallow centers as being located
hear the conduction band and not the valence band. Additionally,
thermally stimulated susceptibility measurements indicate the presence
of donor-like traps, approximately 4.8 meV away from the conduction
band. Hall effect measurements conducted over the temperature range
between liquid nitrogen and liquid Helium confirm these results. The
14 -3
residual donor density is 2 x 10 cm and that of residual acceptors
1 4 - 3is 1.4 x 10 cm . Thus, high purity epitaxial GaAs is actually n-
type, although compensated quite closely. These densities are very
similar to high quality material grown in Lincoln Laboratories, and
several other laboratories recently. ' Electron mobility ranges
from 6 x 10 cm /vs to about 1.4 x 10 cm /vs at 50^. This is at
s
least one order higher than previous ^ undoped" bulk GaAs. The
117
mobility peak is determined by the overlap of ionized impurity and .
lattice-scatter ing regimes.
>
Other features noteworthy in the photoconductivity excited by
o
strongly absorbed 6328 A Helium-Neon light in GaAs are the creation
of hot carriers and the sub-linear photoconductivity. The competition
between polar optical-mode lattice scattering and carrier-carrier scat-
tering determines the equilibrium "temperature" of hot electrons.
Temperatures as high as 40°K occur when about 10 milliwatts of light
is absorbed by the material. Thus when the sample is at 4.2°K the
electron mobility is actually characteristic of a 40TC sample temperature
under strong illumination conditions. For other materials such as InSb
the disparity between sample temperature may be even greater, de-
pending on the exact conditions. The sublinear nature of the photo-
conductivity is a result of strong surface-absorption of the light, fol-
lowed by quadratic recombination of carrier pairs as well as diffusion
away from the surface skin. This manifests itself in an overall char-
0 33
acteristic of the form no * ' where ^ is the light intensity. This
sublinear photoconductivity limits the range of carrier concentration over
which photodielectric phenomena can be experimentally determined.
RECOMBINATION MODEL
Fig. V-16 shows the simple energy level scheme proposed to
explain me observed recombination and trapping at low temperatures in
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pure GaAs. The role of the shallow donors in the mechanism of
lifetime control has already been mentioned. Shallow donors ati
approximately 0.004 to 0.0052 eV have been observed by Naseldov,
15 54Eddols and Wolfe et. al. The lower donor ionization energy seen
in the first reference is a consequence of the onset of impurity-band -
1 5 - 3ing mat occurs above about 10 cm . The earlier material was
less pure. With higher concentrations of residual impurities there
is a dual effect: the impurity wave-functions begin to overlap, and an
independent band forms. Simultaneously, the lattice strain caused by
impurities and the inevitable precipitates results in local deformations
of the energy band, as discussed by Pankove. Thus, a tail of con-
duction band states is formed into the forbidden gap: these states can
merge with the impurity band. Such material is characterized by
temperature-independent carrier-concentration down to the lowest tem-
peratures. "Undoped" melt-grown GaAs (obtained from Monsanto)
i ft -*^
with a carrier concentration of approximately 10 cm at room
temperature did in fact exhibit such impurity-banding effects (Fig. V-2)
and no photodielectric effect was observed in that material. A mono-
tonic increase of the Hall Coefficient as a sample of GaAs is cooled
through the Helium temperature range is thus a clear indication of low
total impurity content, since virtually any specific net carrier concen-
tration can be established by suitable compensation. Commercially
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available vapor or liquid epitaxial GaAs samples do not fulfill this
criterion of purity.
The donor-ionization energy ofw 5 meV agrees with the values
54
of 4.51 meV and 5.09 meV obtained by Stillman et. al. for n^ggO^
14 -3 14 -3
of 3.68 x 10 cm and 1.62 x 10 cm respectively. The cal-
54culated value, on the basis of a hydrogenic model with effective mass
of 0.066 m is 5.8 meV.
The compensating acceptor,- also presumably acts as the
deep acceptor-trap since no other level could be determined from tran-
sient data. This, level is located approximately 0.033 eV from the
valence band, and is responsible both for the high majority carrier
!
lifetimes and slow decay transients at intermediate temperatures. This
level acts as a terminal level in radiative recombination at helium
temperatures. The mechanisms of recombination have been discussed
in detail in Chapter V. It is significant that in most photoluminescence
studies at low temperatures the same terminal state appears for roughly
1 fi-T 8
similar quality material. " There is little evidence of direct band-
-9to-band recombination, and in view of the very short (10 sec. or less)
lifetime of free holes, this is not surprising.
The trend of close compensation and an energy level scheme
characterized by a simple set of two dominant levels--at least so far
as behavior below 77°K is concerned--for GaAs made in different
120
laboratories suggests that there may be some auto-compensation aris-
ing from one and the same contaminant. Silicon on Gallium sites
gives rise to a shallow donor level. Its ionization energy has been
reported as 0.005 eV to 0.003 eV. Silicon can also give rise to an
73
acceptor level in Gallium Arsenide by occupying the Arsenic site.
Thus amphoteric doping by silicon, arising by contamination from the
quartzware in the epitaxial growth process is a distinct possibility.
The relative amounts of silicon incorporated on the two sites has been
a function of temperature, etc., has been studied in connection with
amphoterically doped liquid epitaxial light emitting diodes. The re-
sults of that work may serve to confirm the auto-compensation idea.
Native structural defects such as crystal defects, vacancy complexes,
72
etc., can also give rise to levels observed, as suggested by Williams.
However, it is not obvious how in such a case close compensation can
be achieved every time.
APPRAISAL OF THE PHGTODIELECTRIC TECHNIQUE
Although photodielectric measurements, like conventional
techniques, are by themselves insufficient to permit complete analysis
of recombination, trapping and other transport properties of semicon-
ductors, they provide a very useful adjunct to conventional techniques,
and take their place along with photoconductivity, Hall effect, optical
quenching, thermally stimulated conductivity, etc., as a standard tool
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of measurements and analysis. Thus, the fact that no ohmic contacts
are required is of great practical significance, since in general the
technique of alloying ohmic contacts on a material necessarily con-
taminates it; for high-purity materials this is especially undesirable.
PD measurements also obviate the non-linear thermoelectric and photo-
voltaic effects often observed at contacts, and give confidence to inter-
pretations of PC and PD transient phenomena. Furthermore, whereas
defect states do not manifest themselves directly on photoconductive
experiments unless the charge accumulated at them significantly alters
the recombination dynamics, they show up directly in photodielectric
measurements.
Although the experiments for this work were limited to tem-
peratures below about 55°K, there is no reason why photodielectric
measurements cannot be performed at liquid nitrogen temperatures
for many materials. Shallow 5 meV states require that any conven-
tional experiment be carried out at very low temperatures, as indeed
they have been for pure GaAs. However, so long as the <* T pro-
duct can be made comparable to unity, PD measurements can be per-
formed at higher temperatures. A suitable material for such measure-
ments would have sufficiently deep impurity levels to ensure at least
partial de-ionization at 77°lC and also a high mobility so that the <•> . T
product is high. Materials such as InAs could conveniently be
122
studied by photodielectric methods at liquid nitrogen temperatures.
The sensitivity of the technique can be increased by two
methods:
i) by increasing the filling-factor of the cavity. Since
cavity dimensions are much smaller at 24GHz and 35GHz, measure-
ments at these wavelengths (for the same sample size) would greatly
enhance the sensitivity of measurements in addition to resulting in
more compact equipment, and
ii) the stability of the feedback oscillator can be improved
by avoiding 1/f noise effects through the use of an ac modulation tech-
nique, and with improved mechanical and thermal stabilization of the
system.
APPENDIX I
Mechanism of Sub-linear Photoconductivity
In the steady state the left-hand side of Eq. (5.7) -£ is zero,
and the solution of Eq. (5.8) can be written as
~
3
 i« 2 _ 3 D ,dnv 2 . ,AT n
n
 "
 3ni n "I T (cE) " A (AL1)
At the surface, the diffusion current is
J /= -eD*l
as z-» oo, n — n. and Jz+ - 0 - 0
which, with (AI.l) yields A = 2n.3
Using this value in Eq. (AI.2)
r,3 < * « 2 « 4 - 9 n 3 - 3 D /dlM2 - * n T 2n -3n i n + 2 . - ^ _ ( ^  ) - 3n.L
where L =VDr is the diffusion length.
The above equation can be solved to yield
dn 12niC -z/L
35* ' ~T— e
at z = 0, J2 = qG - qS (n - n.) = - q D
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The term qG represents the photogenerated current and
qS(n - n.) represents surface recombination component. S is the
surface recombination velocity.
Thus,
G - 12nj cs (c - l)"2 = 12ni ^- c(c + l) (c-1)"3
"
3
or GT =• 12 n4 Lc ( c + 1 + ac <• or) (c - 1)
•TT- '•
•l
c.
where
Now the total excess electrons per unit area
*
12nL
or
The photo current is directly proportional to N. At low
intensity i. e. when N «12 n.L we get the linear photoconductivity
relation, N * Gr. At higher intensities, such that N » 12 n. (!+<*)
1 1M 1/^1
the relation becomes 5—«- = Gr or N = (G) ' which corresponds
72n^
to the experimentally observed relationship.
APPENDIX II
Hot-Electron Photodielectric Effect
In Chapter II, it was assumed that r was independent
mom r
of carrier energy, i.e. of the driving field. Likewise, a constant
energy-relaxation time was implied, equal to Tmom- These assump-
tions are, in general, not valid. For instance, when the cavity field
is high, or one is dealing with a photo-diode with depletion-region fields
of several kilovolts/cm, the momentum relaxation time becomes field
dependant. Modulation of the relaxation times gives rise to additional
*
in-phase and quadrature terms, and it is men quite possible for the
free carrier susceptibility to be of the same sign as the lattice con-
43tribution. A simplified theory, based on Conwell's work, follows.
Consider a situation where * is given by
mom • • °
Tm = a£ ~nl (AIL 1)
where n, is non-zero and £ is the carrier energy. A similar rela-
tion, with index n« characterizes the energy-dependance of T . The
equation of motion is now
dr. 1 dr _ q En e- / A T T o\TT + ,-7=* -ar - * ° (AIL2)at a c m
This non-linear equation is difficult to solve for the general case.
If a small ac field is superposed on a system already heated by a
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steady field to energy $Q, the analysis can be linearized by writing
'
 Tl
 =
 T
 '* ( 1 + nm in 1
A similar equation can be written for r& :
The two exponents n. and n2 are, in general, different. Thus, in
GaAs, at low temperatures, r is determined by ibnized-impurity
scattering and n« by polar optical lattice scattering.
Substitutfng (AH. 3) and (All. 4) in (AH. 2) and making the sim
2plifying assumptions that (wr ) «l and T »r , the resulting ex-iii cn m
43pression for e'(o>) becomes
m
where N is the free carrier concentration, and n is given by
(AIL 6)
Ten
r being the energy of thermal-equilibrium electrons, also,
-1
An equation for «"(<") can also be written, containing these constants.
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Eq. (AH.5) is similar in form to Eq. (2.12) and the two become iden-
tical when n, = n2 = 0. The composite factor v now plays the role
of the relaxation time r .
. When n, >o the sign of the second term of (All. 5) is positive,
i
i.e. the free-carrier and lattice susceptibilities have the same sign.
For ionized impurity scattering n, = 3/2 so that the necessary mechan-
ism for this effect exists, especially at low temperature. The experi-
mental results of Conwell et. al. (Fig. AIL 1) show that a normally
negative dielectric constant of Germanium can be rendered positive,
i
and made to exceed the lattice contribution substantially, when carriers
are heated by a superimposed dc field. A large-amplitude ac field
i
will cause stronger modulation of the T'S and the non-linear effects
are then expected to be pronounced.
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FIG. AII-1 Dielectric Constant of Germanium
at 35GHz as a Function of Carrier Energy,
Using DC Bias to Raise Mean Carrier
Energy. (After Conwell Ref. 43)
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